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Abstract
This chapter examines the impacts of climate change on the natural coastal ecosystems in
the North Sea region. These comprise sandy shores and dunes and salt marshes in estuaries
and along the coast. The chapter starts by describing the characteristic geomorphological
features of these systems and the importance of sediment transport. Consideration is then
given to the role of bioengineering organisms in feedback relationships with substrate, how
changes in physical conditions such as embankments affect coastal systems, and the effects
of livestock. The effects of climate change—principally accelerated sea-level rise, and
changes in the wind climate, temperature and precipitation—on these factors affecting
coastal ecosystems are then discussed. Although the focus of this chapter is on the
interaction of abiotic conditions and the vegetation, the potential impacts of climate change
on the distribution of plant species and on birds breeding in salt marshes is also addressed.
Climate impacts on birds, mammals and ﬁsh species are covered in other chapters.
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9.1 Introduction
This chapter examines the impacts of climate change on the
natural coastal ecosystems in the North Sea region. These
comprise sandy shores and dunes and salt marshes in estu-
aries and along the coast. The chapter starts by describing
the characteristic geomorphological features of these sys-
tems and the importance of sediment transport. Considera-
tion is then given to the role of bioengineering organisms in
feedback relationships with substrate, how changes in
physical conditions such as embankments affect coastal
systems, and the effects of livestock. The effects of climate
change—principally accelerated sea-level rise, and changes
in the wind climate, temperature and precipitation—on these
factors affecting coastal ecosystems are then discussed.
Although the focus of this chapter is on the interaction of
abiotic conditions and the vegetation, the potential impacts
of climate change on the distribution of plant species and on
birds breeding in salt marshes is also addressed. Climate
impacts on birds, mammals and ﬁsh species are covered in
other chapters.
9.2 Geomorphology of Sandy Shores
and Coastal Dunes
9.2.1 Distribution and Composition
Andreas C.W. Baas, Gerben Ruessink
The North Sea Basin is ringed by sandy shores and coastal
dune ﬁelds developed from sedimentary deposits on nearly
all sides, except the north-east. The sandy shores include
most of the Belgian, Dutch, and Danish coasts as well as
various parts of the English North Sea coast, where they
alternate with muddy and soft rocky coasts, as well as
gravel-dominated coastlines. Extensive dune ﬁelds are found
along the entire coast of Belgium and the Netherlands, along
the sequence of Wadden Sea barrier islands to the Elbe
Estuary and up along the entire west coast to the northwest
coast of Denmark. These sandy shorelines and dune ﬁelds
constitute a regional complex developed out of sediment
delivered mainly from the Rhine-Meuse delta into the
coastal zone, transported via longshore currents following
the sweep of the semi-diurnal tide anti-clockwise around the
south-eastern coastlines of the North Sea Basin, and being
accumulated and driven inland from the beaches by the
dominant westerly winds. Coastal dunes along the western
Danish coastline cover approximately 800 km2 (Doody and
Skarregaard 2007), while 254 of the 350 km of the coastline
of the Netherlands is fronted by approximately 450 km2 of
coastal dune ﬁelds extending in some places up to 11 km
inland (Doing 1995). Sand dunes also fringe most of the
65 km long coastline of Belgium, covering approximately
38 km2 and with widths of a few kilometres to less than
100 m, although more than 50 % of the coast has been
urbanised (Herrier 2008). The western side of the North Sea
Basin is also lined by dune ﬁelds along the east coast of the
United Kingdom, although these are of a less continuous
nature (Doody 2013). Signiﬁcant dune presence can be
found along the northeast of East Anglia, along most of the
Lincolnshire coast, isolated stretches along the Yorkshire
and Northumbrian coast, and more extensive dune ﬁelds
along the south-eastern coast of Scotland. The North Sea
coastal dunes in the UK are smaller and less extensive than
their continental counterparts, because sediment delivery to
the coastal zone is from smaller regional catchments (the
Thames, the Wash, the Humber), and the easterly winds that
propel the dune development are generally weaker and less
frequent. A tally of dune ﬁelds between Dover and Shetland
included in the Sand Dune Vegetation Survey of Great
Britain (Dargie 1993; Radley 1994) amounts to 93 km2
(although a signiﬁcant proportion of dune ﬁelds in Scotland
are managed as golf courses).
9.2.2 Current Stressors and Management
In general, sandy shores are alongshore elongated sand
bodies whose yearly to decadal evolution is primarily driven
by waves and wind. Cross-shore and/or alongshore gradients
in sand transport cause coastal morphology to change,
reflected by erosion or accumulation of sand. According to a
recent EU study of coastal geomorphology and erosion
(Eurosion 2004), a large proportion (20–26 %) of the North
Sea sandy shores is currently experiencing erosion and, as a
consequence, is heavily affected by human activities, such as
the presence of hard coastal defence measures (seawalls,
groynes) or of regular sand nourishments. It is, however,
important to realise that coastal erosion or accretion may
vary on a wide range of temporal and spatial scales. A study
by Taylor et al. (2004), for example, has shown that the bulk
of the North Sea coast of England steepened due to erosion
and coastal squeeze over the course of the entire 20th cen-
tury. On a decadal scale, a coast may gently (typically, a few
metres per year) accrete or erode, which is often due to small
but persistent gradients in alongshore sediment transport.
Shorter-term variations around the decadal trend are often
signiﬁcantly larger, and can be due to episodic erosion
events (e.g. dune erosion during a storm) or to the along-
shore migration of sand bodies (e.g. Ruessink and Jeuken
2002). Coastal changes may be due to long-period variability
and oscillations in wave and storm climate unconnected to
climate change (Hadley 2009).
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The vast majority of coastal dune systems around the
North Sea Basin are tightly managed and controlled for the
purpose of various socio-economic and ecoservices (see
Electronic (E-)Supplement S9). Along the coasts of Belgium
and the Netherlands especially, the main purpose of man-
agement has been to preserve and, where possible, expand
the sand volume of the foredunes to provide coastal flooding
protection and more than 40 % of the foredunes have been
artiﬁcially preserved or established (Arens and Wiersma
1994), usually by dense marram grass Ammophila arenaria
planting. In the past two decades a more eco-centred concept
has slowly been adopted to allow and encourage limited
geomorphic re-activation of wind-blown erosion and
bare-sand patches to develop a more varied and species-rich
coastal dune environment (Arens and Geelen 2006). Other
management practices include grazing activities on grey
dunes to combat overgrowth of coarse shrubs (e.g.
sea-buckthorn Hippophae rhamnoides) to preserve biodi-
versity (Boorman and Boorman 2001) as well as grazing and
sod-cutting on species-rich dune grasslands to prevent
grass-encroachment due to nitriﬁcation from atmospheric
nitrogen deposition (Kooijman and Van der Meulen 1996).
9.2.3 Expected Impacts of Climate Change
Climate change could affect both marine and aeolian
boundary conditions. In particular, climate change impacts
might be felt through accelerated sea-level rise (SLR) and in
modiﬁcations in the number, severity and location of
extra-tropical storms, with associated changes in wind,
wave, precipitation and temperature patterns. The potential
consequences of climate change on the North Sea Basin
sandy shores and coastal dune systems may be separated into
direct geomorphic impacts relating to sea forcing (acceler-
ated SLR and changes in wave climate), wind forcing
(changes in weather patterns and wind climate), and poten-
tial changes in vegetation character and distribution related
to overall climatic changes (temperature and precipitation).
Consequences for the vegetation are discussed in Sect. 9.3.
Some of these direct impacts may be aggravated by adjust-
ment and intensiﬁcation of human exploitation and man-
agement practices.
9.2.3.1 Sea-Level Rise and Wave Characteristics
Historic tide gauge data for the North Sea region from 1900
to 2011 show a mean SLR of 1.5 ± 0.1 mm year−1 (Wahl
et al. 2013), slightly below the global mean SLR of
1.7 ± 0.3 mm year−1 during the latter half of the 20th
century (Church and White 2006). Whereas SLR globally
appears to have accelerated to 3.3 ± 0.4 mm year−1 from
1993 to 2009 (Ablain et al. 2009, see also Chap 3), the Wahl
et al. (2013) study suggests that North Sea SLR acceleration
in recent decades is not abnormal, but comparable to that of
other periods in the last 200 years. Within the North Sea
region local differences have been recorded (as indicated in
Table 9.1 in Sect. 9.6.1). While the Intergovernmental Panel
on Climate Change (IPCC) in its latest assessment (Van
Oldenborgh et al. 2013) projects a global mean SLR of
74 cm by 2100 (at a rate of 11 mm year−1), for the
‘business-as-usual’ Representative Concentration Pathway
scenario (RCP8.5), other studies that include semi-empirical
forcing models have projected SLR of between 30 and
180 cm by 2100, depending on the model variant (Nicholls
and Cazenave 2010). Recent high-end projections suggest
that a 1.25 m SLR in the North Sea may be possible by 2100
(Katsman et al. 2011), although the exact magnitude of the
rise strongly depends on underlying modelling assumptions.
Studies on the signiﬁcant wave height Hs in the North Sea
(e.g. Grabemann and Weisse 2008; De Winter et al. 2012)
project no to small changes along the Dutch-German coast,
with magnitudes depending on the type of general circula-
tion model (GCM) or regional climate model (RCM) used
and the particular greenhouse-gas emissions scenario adop-
ted, as for example in Fig. 9.1. For example, Grabemann and
Weisse (2008), who used the HadAM3H and the
ECHAM4/OPYC3 GCM with SRES scenarios A2 and B2,
projected a 0.1–0.3 m increase in the 99th percentile of Hs in
front of the Dutch coast by the end of the 21st century, while
De Winter et al. (2012), using the ECHAM5/MPI-OM and
the SRES A1B scenario, found no detectable change in
mean wave conditions. This would seem to indicate that
model uncertainty in the prediction of Hs is larger than the
emission-induced uncertainty, as was found in general for
global projections in the latest IPCC assessment (Van
Oldenborgh et al. 2013), which reports low conﬁdence in
wave projections because of “uncertain storm geography,
limited number of model simulations, and the different
methodologies used to downscale climate model results to
regional scales”.
It is important to consider that the wind, and hence wave
climate, shows strong natural variability, which poses a
difﬁculty in detecting climate-change induced trends that are
smaller than this natural variability. This is especially rele-
vant to wind and wave conditions with high return periods
(for example, 1:1–1:10-year return values, or even rarer) that
may be most relevant to coastal erosion. Using the
17-member ESSENCE ensemble (Sterl et al. 2008), De
Winter et al. (2012) projected a 0.3–0.6 s decrease in the
annual wave period T in front of the Dutch coast for the
period 2071–2100, as well as a shift in the wave direction of
the annual Hs maxima from north-west to south-west. The
decrease in T is induced by this wave-angle shift and asso-
ciated shifts in the fetch; accordingly, the same shift may
lead to an increase in T elsewhere in the North Sea Basin. Hs
and T with higher return periods, up to 10,000 years, were
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not projected to change signiﬁcantly at the 95 % conﬁdence
level. This also applies to storm surges with similar high
return periods (Sterl et al. 2008). In a recent CMIP5
model-comparison study of wind extremes in the North Sea
Basin, De Winter et al. (2013) found no changes in annual
maximum wind speed or in wind speeds with lower return
frequencies for the 2071–2100 period; however, they did
ﬁnd an indication that the annual extreme wind events are
coming more often from westerly directions. Thus, these
CMIP5 results are not notably different from all earlier
CMIP3 (e.g. De Winter et al. 2012) model projections.
The quantitative prediction of the response of sandy
shores to climate-change induced effects in the boundary
conditions is still under development. The most often used
model for the response to accelerated SLR is the Bruun rule
(Bruun 1962), a simple two-dimensional mass conservation
principle that predicts a landward and upward displacement
of the cross-shore proﬁle with SLR (Fig. 9.2). Coastal
recession is simply expressed as the product of SLR and the
active proﬁle slope, giving typical projected recession dis-
tances of 50–200 m depending on proﬁle slope. Although
the Bruun rule was routinely used in past decades, its use-
fulness as a predictive tool is highly controversial (Pilkey
and Cooper 2004). For example, the Bruun rule does not
include any three-dimensional variability, such as found near
engineering structures and tidal inlets, and can thus not be
applied in areas with notable gradients in alongshore sedi-
ment transport. Also, the Bruun rule predicts sand to be
moved offshore during SLR, while overwash and aeolian
processes obviously transport sand onshore. Advances have
been made in developing more comprehensive conceptual
models for understanding and predicting shoreline change in
terms of the so-called Coastal Tract (Cowell et al. 2003), but
this concept has been aimed at time scales of hundreds to
thousands of years. Other more realistic rule-based approa-
ches for predicting shoreline change have been provided by
Ranasinghe et al. (2012) and Rosati et al. (2013), but these
have not yet been tested on North Sea sandy shores. Beach
proﬁle adjustments to accelerated SLR are more likely to
involve signiﬁcant alongshore components and variations as
well as greater sensitivities to local changes in sediment
budgets (Psuty and Silveira 2010). Even though projections
of the North Sea wave climate suggest no to minor change, it
is possible that accelerated SLR and changes in wave
direction may still aggravate coastal erosion. A modelling
study for the UK East Anglian coast, a site with notable
alongshore variability in shelf bathymetry, illustrates that
Table 9.1 Regional variation in mean sea-level rise (SLR) within the North Sea region (see also Chap. 3)
Area SLR mm year−1 Period Source
Europe 1.7 1900–2000 EEA (2012)
3 1990–2010 EEA (2012)
Wadden Sea 1–2 1900–2000 Oost et al. (2009)
UK east coast 0.5–2.5 1900–2000 Woodworth et al. (2009)
English channel 0.5–2.5 1900–2000 Haigh et al. (2011)
The Netherlands 2.5 1900–2000 Katsman et al. (2008)
German bight 1.2–2.4 1937–2008 Wahl et al. (2011)
1–2.8 1951–2008 Wahl et al. (2011)
2.5–4.6 1971–2008 Wahl et al. (2011)
Lower Saxony, Germany 1.7 1936–2008 Albrecht et al. (2011)
Schleswig-Holstein, Germany 2 1936–2008 Albrecht et al. (2011)
Skallingen, Denmark 2.3 1931–1999 Bartholdy et al. (2004)
5 1980–2000 Bartholdy et al. (2004)
Fig. 9.1 Increase in the height (m) of a 50-year return period extreme
water level event, due to combined changes in atmospheric storminess,
mean sea-level rise, and vertical land movements, for the SRES A2
scenario, based on the HadRM3H regional atmospheric model and the
POL storm-surge model (Lowe and Gregory 2005)
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inshore wave statistics are sensitive to the trend in SLR and
that frequency of occurrence of extreme inshore wave con-
ditions may increase with SLR rates higher than 7 mm
year−1 (Chini et al. 2010). This, coupled with an increasing
occurrence of high water levels by accelerated SLR, may
lead to enhanced beach and dune erosion even if wind and
wave characteristics remain unaltered under projected cli-
mate change; the same effect could also endanger the safety
of existing hard coastal defence mechanisms. In a case study
for the Dutch coast, De Winter (2014) projected an increase
in dune erosion volume by up to 30 % because of a 1-m SLR
under unchanged extreme (1:10,000 year) wave conditions.
The same case study also illustrated that a change in wave
direction by several tens of degrees could lead to a similar
increase in dune-erosion volumes as predicted for an
approximately 0.4-m rise in sea level, indicating that chan-
ges in wind and wave direction are also critically important
to coastal response. Such directional changes will also affect
the magnitude and, potentially, the sign of gradients in
alongshore sand transport, and hence beach width. Current
dune-erosion models are primarily based on data collected in
laboratory experiments; extensive ﬁeld validations have,
however, not been performed. Furthermore, the models lack
descriptions of post-storm coastal recovery by aeolian pro-
cesses and thus provide an erosion-biased view of coastal
evolution. Dunes and beaches are linked in a dynamic and
complex sediment exchange system, where losses of sedi-
ment from foredunes during storms alternate with
inter-storm deposition gains (e.g. Keijsers et al. 2014),
potentially leaving the overall shoreline position unchanged
in the long term. More frequent storm erosion of the fore-
dune toe may therefore not necessarily result in permanent
loss of sediment from the coastal system.
The precise response of the nearshore zone to climatic
change and its consequent impact on adjacent coastal dunes
is therefore ambiguous and probably subject to substantial
regional variation, as in some areas the hydrodynamic
boundary conditions may not change very much, while in
other areas the coastal sediment budget system will be
undergoing complex adjustments. Paradoxically, while
sandy beaches in the worst case may get narrower and
squeezed between human pressure and accelerated SLR
(Carter 1991; Schlacher et al. 2007), the remobilisation and
increased dynamics in sediment exchange across the near-
shore proﬁle as it is adjusting to SLR may in fact yield an
opportunity for reinvigorating coastal dune development
Fig. 9.2 Three potential
cross-shore responses to sea-level
rise (SLR): a Bruun-type
response (much disputed) where
sediment is redistributed to reach
a new equilibrium beach proﬁle;
b reactivation, growth, and inland
migration of foredunes;
c vegetation cover becomes
ineffective leading to a large-scale
transgressive dune ﬁeld (Carter
1991)
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(Psuty and Silveira 2010), as illustrated in Fig. 9.2. Just as
during the mid-Holocene, SLR and coastal regression may
create opportunities for foredune expansion along some parts
of the coastline. This may result from supply of increased
amounts of sediment delivered from the adjusting beach
proﬁle into the coastal dune system, possibly aided by larger
and more frequent storm breach of the dunes, and the
potential for greater aeolian sand transport activity in the
inland parts of the dune ﬁeld. This type of landscape
response does, however, require the availability of suitable
accommodation space for the coastal dune system and in
many regions a net landward migration of dunes is arrested
by infrastructure and built environment, thus leading to a
‘sand dune squeeze’ (Doody 2013) and an eventual loss of
dune habitat. Coastal squeeze also operates within sites, as
the younger, more dynamic habitats including foredunes and
yellow dunes may be squeezed against more stable ﬁxed
dune grassland, or scrub which occurs in older hind-dune
areas. These successionally young habitats are particularly
important for many of the dune rare species and, while it is
possible for natural remobilisation to occur, it is unlikely
under current climatic conditions, since dune mobility is
strongly coupled to climate (Clarke and Rendell 2009).
9.2.3.2 Wind Forcing
As previously mentioned, an increase in storminess and
associated changes in wind conditions may have implica-
tions for the potential of aeolian reactivation of coastal
dunes, as well as the wind-blown transport of the additional
sediment mobilised as part of beach proﬁles that are
adjusting to accelerated SLR. Regional climate model pro-
jections by Beniston et al. (2007) suggest a 5 % increase in
the 90th percentile of daily maximum wind speed over most
of the North Sea Basin in winter (Fig. 9.3), with storm winds
coming from more north-westerly directions.
These projections conflict with the more recent prediction
of more south-westerly storm winds by De Winter et al.
(2012, 2013). The IPCC meanwhile indicates a “substantial
uncertainty and thus low conﬁdence in projecting changes in
NH [northern hemisphere] winter storm tracks, especially for
the North Atlantic basin” (Van Oldenborgh et al. 2013). The
impact of any potential changes in wind climate on the
coastal dune ﬁelds in the region has not been considered in
detail. A shift in dominant wind direction may have a sig-
niﬁcant impact on the delivery of sediment from the beach
into the foredunes due to changes in sub-aerial fetch distance
as a function of the local orientation of the coastline (Bauer
et al. 2009). For parts of the Dutch and Danish coastline that
are aligned SW–NE, for example, a shift to more
north-westerly storm winds may therefore result in com-
paratively shorter fetch distances and less opportunity for
aeolian sand transport into the foredunes, as the
north-westerly winds will be blowing more perpendicular to
the coast. The contemporary geomorphology of the sec-
ondary dunes, meanwhile, is aligned to the typical
south-westerly winds of the past and the projected shift in
wind direction is likely to make it harder for aeolian activity
to reactivate dormant blow-outs and parabolic dunes, as it
will be acting perpendicular to their main axes and facing
greater topographic roughness. Finally, even though there
may be an increase in ‘drift potential’ (the wind power
available for aeolian sand transport), its relationship with
vegetation cover and associated reactivation of dormant sand
dunes shows a distinct hysteresis (Tsoar 2005; Yizhaq et al.
2007), as illustrated in Fig. 9.3. While the future wind cli-
mate conditions may become equivalent to those of bare and
actively migrating coastal dunes in present-day Israel, for
example (as reported in the studies cited here), most North
Sea Basin coastal dune ﬁelds are situated on the ﬁrmly
stabilised limb of the hysteresis curve and a reactivation
toward active dunes is likely to require more than just an
increase in wind power. Recent attempts in the Netherlands
to reactivate blowouts and parabolic dunes by removing
existing vegetation have so far met with mixed success, with
many opened-up sand areas quickly being recolonised and
overgrown with vigorous vegetation within a few years
(Arens et al. 2013), accelerated by atmospheric nitrogen
deposition (Jones et al. 2004). The future change in wind
climate may mean that such reactivation attempts become
more successful. If not, remobilisation must be assisted by
direct management intervention (Arens and Geelen 2006;
Jones et al. 2010).
Fig. 9.3 Hysteresis in the relationship between wind power (quanti-
ﬁed as a Drift Potential) and the vegetation cover in a coastal dune ﬁeld
(Tsoar 2005)
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9.3 Ecology of Sandy Shores and Dunes
Laurence Jones
9.3.1 Climate Change and Dune Ecology
European dune systems have shown constant change over
time, with human influences predominating over the last few
centuries (Provoost et al. 2011). However, climate change
will become an increasingly important influence on dune
ecosystems. Climate change is likely to affect coastal dunes
in several ways. There will be direct loss of habitat due to
accelerated SLR and coastal erosion (see Sect. 9.2), and
changes in the climate envelopes affecting the distribution of
plant and animal species. There will also be indirect effects
through changes in underlying ecosystem processes. These
include effects on competition, mediated via plant growth,
but also effects on soil development, and groundwater sys-
tems which influence the dune wetland communities. This
double impact through habitat loss as well as altered climate
means that coastal habitats are more sensitive to climate
change than the majority of other terrestrial ecosystems.
Management of dunes, for example by livestock grazing,
may interact with the effects of climate change on the veg-
etation, but is not discussed here.
9.3.2 Effects of Climate Change on Dry Dune
Habitats
General effects of climate change include a lengthening of
the growing season, leading to more plant growth where
rainfall is not limiting. This is likely to beneﬁt faster growing
graminoids and nitrophilous species, and lead to declines in
rare species. However, in the drier parts of the North Sea
coast such as the Netherlands, increased summer drought
may actually reduce the effective growing season, potentially
reducing the dominance of some species and allowing other
species to flourish. Based on the relationship between
drought stress and plant compositional change in Dutch dry
dunes (Fig. 9.4), Bartholomeus et al. (2012) suggested that
projected increases in the severity of drought may lead to a
15 % increase in the fraction of xerophytes, with potential
feedbacks on dune recharge due to reduced evapotranspira-
tive losses (Witte et al. 2012). Levine et al. (2008) predicted
an increase in rare dune annuals and Witte et al. (2012)
suggested a shift to more xerophytic mosses and lichens and
increased cover of bare sand as a consequence of increasing
summer drought, with the possible invasion of xeric Erica-
ceous and broom Cytisus species from more southerly
European countries. Severe drought has been shown to
negatively affect net primary production (NPP) on a Euro-
pean scale (Ciais et al. 2005), and such droughts are pre-
dicted to become more frequent.
The ﬁnal effects of climate change that may directly
impact upon the vegetation that covers most parts of the
coastal dune system are changes in temperature and pre-
cipitation, and it is here that the great variety of potential
climate effects may have a mixture of conflicting positive
and negative biological impacts. The Holocene stratigraphic
record suggests that warmer and slightly wetter climates in
the past have usually resulted in dune stabilisation and full
vegetation cover, whereas colder periods with less precipi-
tation, such as the well-documented Little Ice Age, have
been associated with more active dune mobility and aeolian
sand transport (Pye 2001). The major dune-forming grasses,
such as marram grass and sand couch Elytrigia juncea, may
generally grow better in a CO2-enriched environment, and
may also beneﬁt from the projected 10–15 % increase in
precipitation forecast for north-western Europe (Carter
1991). This precipitation is expected to arrive in more
extreme and variable events, however, and the potentially
drier summers with higher temperatures and greater heat-
wave risks may also result in greater wildﬁre incidence in the
grasslands covering much of the coastal dune ﬁelds,
exposing soil to wind erosion and enabling potential dune
reactivation. Changes in seasonal temperature and rainfall
patterns may also induce changes in species composition.
Greater winter precipitation appears to facilitate scrub pro-
liferation and overgrowth, such as sea-buckthorn, while
summer droughts have an adverse impact on species diver-
sity in dune slacks through lowering of the water table
(Doody 2013). For vegetation on the back beach and fore-
dune toe, meanwhile, simulation studies suggest that accel-
erated SLR and the narrowing of the beach may constrain
plants to such a narrow area that successional processes
Fig. 9.4 Fraction of xerophytes as a function of the drought stress
index TSupp (uppermost transpiration stress) (after Bartholomeus et al.
2012)
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break down (Feagin et al. 2005). Many of these effects may
be difﬁcult to distinguish from more direct anthropogenic
impacts, such as grazing, nitriﬁcation, groundwater extrac-
tion, and changes in land management.
9.3.3 Effects of Climate Change on Wet Dune
Habitats
Dune wetlands (slacks) are low-lying depressions between
dune ridges, usually in seasonal contact with the water table.
They are a highly biodiverse habitat, containing many rare
species including plants, invertebrates, and vertebrates (Jones
et al. 2011). In addition to the direct influence of temperature,
rainfall and length of growing season on plant growth, dune
wetlands are highly sensitive to changes in hydrological regime.
They are often nitrogen (N) and phosphorus (P) co-limited and
dune slack vegetation is dependent on hydrological regime
(groundwater level, and seasonal and interannual fluctuations)
and groundwater chemistry, particularly buffering capacity
(Grootjans et al. 2004). The majority of dune slack plant species
of high conservation value are dependent on early successional
dune slacks with a high buffering capacity and low nutrient
status, and which disappear as slacks decalcify or accumulate
nutrients.
9.3.3.1 Groundwater Level
Both accelerated SLR and coastal erosion will lead to a
change in dune groundwater tables due to impacts on the
hydraulic gradient, with water tables rising (SLR), or falling
(steepening of the hydraulic gradient due to coastal erosion).
In Denmark it is suggested that slacks which are currently dry
will become wetter due to accelerated SLR (Vestergaard
1997). However, some studies suggest that changes in
recharge due to altered spatial and seasonal patterns of
rainfall and evapotranspiration will have greater effects on
groundwater levels than SLR or coastal erosion (Clarke and
Sanitwong Na Ayutthaya 2010). In north-west England, dune
water tables are predicted to fall over the next 50 years due to
negative climate effects on recharge (Clarke and Sanitwong
Na Ayutthaya 2010), and this is likely to apply to the majority
of English dunes on the North Sea coast. In the Netherlands,
recharge is predicted to change relatively little, with either
slight decreases or alternatively moderate increases if feed-
backs of reduced vegetation cover on the water balance are
taken into account (Witte et al. 2012). A modelling study in
Belgium assumed there would be increases in recharge to
dune groundwater, driven primarily by increased winter
precipitation (Vandenbohede et al. 2008). There is as yet little
consensus on the likely effects of climate change on dune
aquifer recharge and therefore a need for further work on this
topic. There have also been very few studies on the impacts
of changing water tables on the flora and fauna of dune
wetlands. Van Dobben and Slim (2012) using a study of land
subsidence due to gas extraction on the barrier island of
Ameland in the Netherlands as an analogue for accelerated
SLR, suggested that dune vegetation would move towards
dune slacks (i.e. become wetter). In the UK, Curreli et al.
(2013) showed that differences in mean water table level of
only 20 cm differentiate between dune slack vegetation
communities, with 40 cm separating the wettest and the
driest communities. Based on predictions of falling ground-
water levels for a west coast UK dune system (Clarke and
Sanitwong Na Ayutthaya 2010), although outside the area of
this assessment, Curreli et al. (2013) suggested that climate
change may alter what are currently wet slack communities to
dry slack or even dry dune grassland by the 2080s (Fig. 9.5).
Changes in water table levels are also likely to affect breeding
success of the Annex II listed natterjack toad Epidalea
calamita which requires slacks to dry out in summer to avoid
colonisation by ﬁsh predators and competitors, but needs
water levels to be maintained long enough for the tadpoles to
develop into toadlets. April to July is the critical breeding
time for this species.
9.3.3.2 Groundwater Chemistry
Dune groundwater composition is sensitive to atmospheric
N-deposition and nitrogen and phosphorus inputs from other
sources. In dune groundwater, it has been suggested that
above total inorganic nitrogen concentrations of 0.2–
0.4 mg TIN l−1 there may be adverse impacts on dune slack
species and soils (Davy et al. 2010), although this threshold
has not been tested empirically in dunes.
Although there is relatively little research into the effects
of climate change on dune groundwater chemistry, it could
be expected to change in the following ways. Rates of
mineralisation of soil organic matter are likely to increase
due to higher temperatures (Emmett et al. 2004) and an
extended growing season (Linderholm 2006) in the majority
of North Sea coastal areas, particularly in the north. This will
lead to increased production of both nitrates (NO3) and
dissolved organic nitrogen (DON), inevitably increasing
N-leaching fluxes to the groundwater. This may not occur in
the southern North Sea area however, due to increased
soil-moisture deﬁcits in summer acting to reduce minerali-
sation. In areas with falling groundwater levels due to cli-
mate change, or where there is an influence of external
groundwater or surface waters on a site, there is potential for
nutrient concentrations entering the site to be higher if these
source waters become concentrated due to higher evapo-
transpiration rates and subsequent reduced runoff and lower
river flows. Such a mechanism is suggested for altered water
composition of the River Meuse under climate change (Van
Vliet and Zwolsman 2008). The opposite may occur in the
north of the region where runoff is expected to increase
(DiPOL 2012).
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9.3.3.3 Interactions with Hydrological
Management
Hydrological management both on- and off-site can affect
water composition. A lowering of the water table due to
drainage, water abstraction or other causes such as high
evapotranspiration from forest, may allow groundwater
influx from other sources such as streams or drainage ditches
bordering the site or groundwater from inland. The danger is
greatest in late summer when dune groundwater tables are at
their lowest. These other hydrological inputs to the ground-
water may contain high levels of nutrients or other chemicals
which affect water composition, particularly if they drain
agricultural land. Alterations to the management of hydro-
logical regimes in response to climate change therefore also
have the potential to impact dune groundwater chemistry.
9.3.4 Climate Change Effects on Individual
Species
Climate change is likely to affect the distributions of indi-
vidual dune plant species, although there have been relatively
few studies on this topic. In Denmark, a study looking at
spatial analogues of predicted climate in 2100 suggests that
coastal heaths and sand dune vegetation are likely to be
vulnerable, particularly the communities “decalciﬁed ﬁxed
dunes with Empetrum nigrum” (type 2140 according to
Annex I of the Habitats Directive; European Commission
1992) and “ﬁxed coastal dunes with herbaceous vegetation”
(‘grey dunes’, type 2130) (Skov et al. 2009). The study lists
17 species which may disappear including crowberry
Empetrum nigrum and sea brookweed Samolus valerandi,
and 25 coastal species likely to move north into Denmark,
some of which may become problem species. In the UK, the
Monarch programme modelled changing climate envelopes
for a wide variety of species, including some dune species.
Generally species ranges shifted northwards and westwards
with marsh helleborine Epipactis palustris and the natterjack
toad potentially gaining climate space in the UK, while the
variegated horsetail Equisetum variegatum which has a pre-
dominantly northern distribution in the UK would lose cli-
mate space (Harrison et al. 2001). Note these are predicted
changes in climatic envelopes, and do not take into account
the subtleties of changing recharge which might affect dune
groundwater levels in a different way (see Sect. 9.3.3.3). The
more recent BRANCH project modelled changing climate
space of 386 plant and animal species, and predicted that the
fen orchid Liparis loeselii was likely to lose more than 90 %
of its climate space by 2080 (Berry et al. 2007). Metzing
(2010) modelled the northward shift of the dune grass Ley-
mus arenarius in Europe, which would completely disappear
from current parts of its range in the southern North Sea areas
of Germany, the Netherlands, Denmark and England under
the worst-case scenario by 2050 (Fig. 9.6).
9.3.5 Other Climate Change Impacts
9.3.5.1 Invasive Species
There is much evidence in aquatic systems that invasive
species may be favoured by climate change. In terrestrial
systems, there is far less evidence for this. However, certain
plant species such as bird cherry Prunus serotina in the
Netherlands and Belgium (Baeyens and Martínez 2004) and
Japanese rose Rosa rugosa in Germany (Isermann 2008) have
become highly invasive in dune systems, despite being pre-
sent on the systems for many decades. It is unclear why their
extent has suddenly increased, but changes in climate (warmer
winters and fewer severe frosts are one suggestion), while the
combination of changing climate and elevated nutrient levels
in dune soils due toN-depositionmay be a contributory factor.
Although invasive species may initially enhance species
richness, once tall species become dominant they can out-
compete low-statured species, and decrease species richness.
Fig. 9.5 Projections of April
groundwater level to the 2080s
for a UK site under UKCIP02
medium-high emissions scenario
(SRES A2) (Hulme et al. 2002),
showing the 70 and 90 %
conﬁdence intervals (CI), and
corresponding frequency
distributions for dune slack
communities based on those
water levels (after Curreli et al.
2013)
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9.3.5.2 Impacts on Soils
Where higher temperatures cause greater plant growth, the
increased plant production will stimulate soil development
through greater litter inputs. Rates of soil organic matter
accumulation represent a balance between plant productivity
and rates of organic matter decomposition. While the net
balance is unknown for many habitats, a dune chronose-
quence study over the last 60 years linked faster rates of soil
development to periods of higher temperatures, and to
periods with lower rainfall (Fig. 9.7) (Jones et al. 2008);
changes were also correlated with increasing N-deposition.
Other changes in soils may include decalciﬁcation rates. The
rate of leaching of carbonates from dune soils is largely a
function of rainfall, therefore changes in rainfall are likely to
lead to increases or decreases in decalciﬁcation rates of dune
soils.
9.3.5.3 Atmospheric Nitrogen Deposition
and Interactions with Climate
Change
Atmospheric deposition remains a signiﬁcant source of
nitrogen input in many countries around the North Sea,
particularly the Netherlands and Denmark. Recent trends in
N-deposition in Europe have shown some decline in NOX
emissions and are forecast to decrease further for oxidised
nitrogen, but only slightly for reduced nitrogen (Winiwarter
et al. 2011). Climate is a strong determining factor in the
balance of wet and dry N-deposition, and involves complex
interacting processes. Relatively little is known about how
climate change may affect N-deposition but is not expected
to alter deposition of oxidised nitrogen much (Langner et al.
2005), and it is generally assumed that changes in emissions
will have a greater impact on atmospheric deposition than
any climate-related effect (Mayerhofer et al. 2002).
Along gradients in atmospheric deposition, studies have
shown increased plant production and a decrease in species
richness in dunes with higher atmospheric deposition
(Fig. 9.8) (Jones et al. 2004; Hall et al. 2011). An increase in
biomass occurs above critical levels of 10–20 kg N ha−1
year−1 in dry dune communities (EUNIS types B1.3, B1.4,
B1.5) and above 10–25 kg N ha−1 year−1 in dune slack
Fig. 9.6 Distribution of the dune
grass Leymus arenarius in Europe
showing: a. current distribution,
b. modelled distribution under
recent climate, c. distribution
under 2050 a best-case climate
warming of 1.5 °C and
d. distribution under a worst-case
climate warming of 2.5 °C
(Metzing 2010)
Fig. 9.7 Changes in soil organic matter accumulation in a recent dune
soil chronosequence in the UK (Newborough), compared with older
UK published chronosequence studies (South Haven 1960; Southport
1925; Blakeney 1922), after Jones et al. (2008)
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communities (EUNIS type B1.8) (Bobbink et al. 2010). The
atmospheric deposition of nitrogen in combination with the
release of phosphorous from enhanced mineralisation may
result in increased plant production and further spread of
grasses (Kooijman et al. 2012).
There is little direct or indirect evidence from dunes of
interactions between climate change and N-deposition,
although studies in other ecosystems suggest that the com-
bination of higher temperatures and increased rainfall, which
are both projected to occur in the northern North Sea dune
systems, will lead to faster mineralisation of soil organic
matter (Rustad et al. 2001), and therefore faster N-cycling.
This may remobilise stored nitrogen in soils and increase
leaching of dissolved organic nitrogen (DON) into dune
groundwater. There are indications that higher DON con-
centrations in dune groundwater, which thereby increase the
negative impacts of N-deposition are correlated with higher
N-deposition (Jones et al. 2002), suggesting that impacts
could be worse in areas of high nitrogen inputs. However, in
the southern North Sea area where summer soil moisture
deﬁcits act to reduce mineralisation rates, there may be less
N-leaching into groundwater as a result.
9.4 Fine-Grained Sediment Transport
and Deposition in Back-Barrier Areas
Jesper Bartholdy
9.4.1 Physical Conditions
As a shallow semi-enclosed shelf sea, the North Sea imports
ﬁne-grained sediment (silt, clay, organic material) from the
adjacent North Atlantic. The net import across the transect
between Scotland and Norway each year is estimated at 7
million tons and through the Channel at about 14 million
tons (Pohlmann and Puls 1993). Due to the generally
anti-clockwise circulation in the North Sea, the sediment
contribution from the Channel is carried northward where it
mixes with sediment of terrestrial origin carried into the
North Sea from rivers draining north-western Europe. Part of
this flux of ﬁne-grained sediment passes the German Bight
close to land and then continues northward as part of the
Jutland Current. During this passage, the tidal exchange
between the North Sea and the extensive barrier system of
the Wadden Sea induces a net landward transport of sedi-
ment into the sheltered tidal areas behind the barrier islands.
This import is due to lag effects ﬁrst described by Postma
(1954, 1961, 1967) and Van Straaten and Kuenen (1957,
1958). At high tide, the shift between flood and ebb is slower
and involves larger excursions of the water, than the shift
between ebb and flood at low tide. Together with the fact
that it takes time for a suspended particle to settle out during
slack water (settling lag) and that erosion/resuspension of a
settled ﬁne-grained particle—due to adhesion—demands
stronger currents than those in which the particle settled out
(scour lag), this asymmetry causes a landward shift of sed-
iment for each tidal period. The effect is enhanced by the
apparent paradox that the average water depth in a tidal area
is smallest during high tide and largest during low tide.
A randomly located suspended particle in the exchanged
water mass is therefore less prone to settle out during low
tide, when only the relatively deep channels are inundated
than it is during high tide, where the whole tidal area is
inundated with a relatively small mean water depth.
A quantitative model of the involved processes during set-
tling and resuspension of sediment particles in tidal currents
have shown that scour lag is by far the most important
mechanism concerning import of ﬁne-grained sediment into
the Wadden Sea (Bartholdy 2000). Calibrated on the basis of
Fig. 9.8 Change in species
richness of de-calciﬁed dunes in
north-western Europe along a
gradient of atmospheric nitrogen
(N) deposition (after Hall et al.
2011)
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the dynamic conditions in the tidal area Grådyb in the
Danish Wadden Sea, the model showed a typical net land-
ward migration on the order of 1 km for each tide due to lag
effects (Fig. 9.9).
As a consequence of the lag effects, ﬁne-grained sedi-
ments concentrate and form mud flats in inner parts of the
Wadden Sea. During storms where wind tide increases the
water level and waves resuspend ﬁne-grained sediments from
these mud deposits, adjacent salt-marsh areas get inundated
by turbid water and sedimentation of ﬁne-grained sediment
takes place on the marsh surface during high tide slack water.
Because of the sheltering salt-marsh plants, resuspension of
Fig. 9.9 Principals of the import of ﬁne-grained material to tidal areas
due to settling lag and scour lag. a The location of a water parcel (blue)
and sediment particle (red) is tracked at time intervals of 100 s over a
high tide period in the inner part of a tidal area. The tracking takes place
from the time the particle starts to settle (at 0 m) to the time it is
resuspended (at −1200 m). During the period when the particle settles
out, it is transported a distance of 200 m inland (settling lag). From here
it is stable on the bottom until the water parcel which delivered it has
moved 1200 m seawards of the zero point (scour lag). First when the
original water parcel has moved to here, current velocity at the location
of the settled particle is large enough to resuspend it. Thus, the
combined effect of settling lag and scour lag is a shift of the sediment
particle to be suspended in a new water parcel located (200 + 1200 m)
1400 m inland. b The same dynamics over the low water period in the
tidal inlet. Here the settling lag is about 120 m and the scour lag about
400 m. Combined, the seaward shift is therefore (120 + 400 m) 520 m.
The joint shift over both flood and ebb is thus (1400–520 m) 880 m in
an inland direction (after Bartholdy 2000)
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the settled particles is impeded in the succeeding ebb current,
and salt marsh therefore forms the end destination of silt, clay
and organic material introduced into the Wadden Sea from
the North Sea and local sources. The contribution from the
North Sea is by far the largest concerning the net deposition.
A combined sediment budget based on results from Pejrup
et al. (1997) and Pedersen and Bartholdy (2006) for the four
northernmost tidal areas in the Wadden Sea (Lister Tief,
Juvre Dyb, Knude Dyb and Grådyb) covering an area of
855 km2 including salt marshes, shows an accumulation of
ﬁne-grained material of 230,000 t year−1 of which 64 % is
derived from the North Sea, 14 % from primary production,
12 % from local rivers, 9 % from coastal erosion and 1 %
from atmospheric deposition.
Once deposited on the salt-marsh surface, the ﬁne-grained
sediment consolidates due to autocompaction (e.g. Cahoon
et al. 1995, 2000). This process causes the bulk dry density
to vary from the top layer downwards as a logarithmic
increasing function (Bartholdy et al. 2010a). Because of this,
it can be misleading to measure salt-marsh accumulation by
means of level/thickness change alone. Bartholdy et al.
(2010a) showed that on the Skallingen back-barrier marsh in
the Danish Wadden Sea, a constant accumulation
(weight/area/time) can give half of its initial value of
accretion (thickness change/time) after about 70 years of
sedimentation (Fig. 9.10).
Sand is also found in salt marshes. Most of it is mobilised
from adjacent sandy tidal flats and deposited on the salt marsh
during storms. Not many direct measurements have been
carried out on the effects of a storm surge on sediment
transport. On 3–4 December 1999 during a storm surge at the
back-barrier marsh of Skallingen, the suspended sediment
concentration (SSC) on the intertidal flats increased from 10
to 200 mg l−1, and the mobile layer of the intertidal flat was
removed. The estimated sediment deposition on the salt marsh
was 0.15 mm. This is only about 50 % higher than that of a
previously monitored storm, and corresponds to <10 % of the
annual deposition at the site (Bartholdy and Aagaard 2001).
These authors concluded that the effects of storms on depo-
sition depend on the season as well as the sequence of pre-
vious import and high-energy events. One extreme periodic
storm can be of less importance for annual variations in
salt-marsh deposition than more frequent minor surges (Bar-
tholdy and Aagaard 2001; Bartholdy et al. 2004). During deep
storms, flooding wave energy may be too strong to be affected
by the local vegetation structure and hence prevent settlement
of sediment, or may even cause erosion (Silva et al. 2009).
Apart from the quantity of material deposited during storm
surges, its composition may also be affected. The occurrence
of storms can be reflected in the grain-size distribution of the
deposited sediment (Allen 2000). The occurrence of dated
thin sand layers at the back-barrier marsh of Schiermonnikoog
(Netherlands), suggests that storms capable of depositing
sand in the marsh occur about every decade (De Groot et al.
2011). Storm-related coarse-grained layers and sand deposits
may occur at various locations within a salt marsh. At the
back-barrier marsh of Schiermonnikoog, sand layers occur on
20 % of the marsh area and are partly associated with the local
sources of the sand (i.e. marsh creeks, the salt-marsh edge and
washovers). In total, sand layers contribute less than 10 % of
the volume of marsh deposits on Schiermonnikoog (De Groot
et al. 2011). The back-barrier marsh of Skallingen contains
about 15 % sand (Bartholdy 1997). Deposition of sand layers
after storm surges has also been reported from intertidal flats
and salt marshes in the Leybucht on the mainland coast of
Germany (Reineck 1980).
Fig. 9.10 Autocompaction in a salt marsh deposition on top of an
incompressible sand flat. The accumulation rate is a constant 1.7 kg
m−2 year−1. The semi-horizontal lines represent yearly locations of
former salt-marsh surfaces in the sediment column. The left-hand end
of these lines represents the salt-marsh surface location above the sand
flat at the year of deposition. After ﬁve years of deposition, the
salt-marsh thickness above the sand flat is 2.19 cm. The two red lines
represent years where the salt marsh was marked by a tracer. As it
appears ﬁve years of deposition also add 2.19 cm on top of the marker
horizon; but because of compaction the absolute level increase of the
salt-marsh surface, 70 years after deposition, is only about half of this
amount, 1.14 cm (after Bartholdy et al. 2010a)
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9.4.2 Effects of Climate Change
9.4.2.1 Sea-Level Rise
Studies on the development of salt marshes in relation to
climate change almost exclusively deal with their ability to
survive different SLR scenarios. As a rule, the critical level for
salt-marsh survival is taken to be close to the mean high tide
(MHT) level, usually considered as the level describing the
border between the pioneer zone and the lower marsh (see
Fig. 9.16 in Sect. 9.6). Assessments of salt-marsh survival
are normally based on accretion models built on the basis of
the continuity equation for salt-marsh sedimentation (e.g.
Allen 1990). French (1993) added different types of
semi-empirical equations of deposition, usually based on
either a constant characteristic concentration of suspended
sediment in the flooding water or concentrations positively
correlated with the MHT level (e.g. Temmerman et al. 2003;
Bartholdy et al. 2004). The organic component of salt marshes
in the Wadden Sea is usually 10–20 %, of which the major
part is deposited together with the mineral part of the sedi-
ment. An additional source of organic material, the so-called
belowground production, is small and either incorporated in
the model calibration or added as a constant value.
French (1993) estimated the organic contribution to
accretion for a British salt marsh to be about 0.2 mm year−1.
Running this type of model for the Skallingen back-barrier
marsh, sedimentation was shown to correlate with the North
Atlantic Oscillation (NAO) winter index which explained
about 63 % of the variation in the period 1970–1999 (Bar-
tholdy et al. 2004). Using an improved version of the model,
Bartholdy et al. (2010b) modelled the distribution of
salt-marsh sedimentation on the Skallingen back-barrier
marsh (Fig. 9.11) and analysed its vulnerability to different
SLR scenarios. This type of assessment is either based on a
balance between SLR and salt-marsh accretion or on identi-
fying the SLR during which the salt marsh will survive a
certain number of years. The latter approach is most common,
as the time it takes to reach a genuine balance can be unreal-
istically long for a constant SLR scenario (e.g. Fig. 9.12). It
was found for the Skallingen salt marsh that for the next
100 years, the salt marsh could survive a SLR of about
4 mm year−1 while a SLR of 6 mm year−1 would drown the
inner part, and the outer part—the salt-marsh edge—would
just survive. For a salt marsh further south on the German
island of Sylt, Schuerch et al. (2013) found a similar although
considerable largermean SLR of close to 20 mm year−1. Both
values are considered realistic for Wadden Sea salt marshes.
Predictions of this type depend primarily on the amount
of sediment available in the close vicinity of the salt marsh,
and this can vary considerably from place to place. This
parameter can also vary in time, and represents the most
obvious source of error in such assessments. As all models
Fig. 9.11 Distribution of the
typical deposition of suspended
sediment in flooding water over
the Skallingen back-barrier marsh
at a high water level of 1.3 m
Danish Normal Nul DNN (with
about 0.5 m of water inundating
the salt marsh). This level is the
most effective high water level in
terms of both frequency and
concentration in relation to
salt-marsh deposition. The map is
superimposed on an aerial photo
visible outside the modelled area
and in the salt-marsh creeks (after
Bartholdy et al. 2010b)
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are based on a calibration related to actual conditions, they
will not make correct predictions of salt-marsh sedimenta-
tion if the sediment supply should for whatever reason
change over time. The above-mentioned results, however, do
not indicate any immediate threat to Wadden Sea salt mar-
shes in general, including back-barrier marshes and main-
land marshes. Slow-growing marshes such as that on the
Skallingen peninsula, may become threatened in 50 years or
so if SLR accelerates to much over 5 mm year−1.
9.4.2.2 Wind Climate
In addition to sediment availability, sediment dynamics (and
thus ultimately changes in for example, wind climate) can
also play an important role in salt-marsh sedimentation.
A major feature related to this is illustrated by the difference
between theWadden Sea and similar areas on the east coast of
the USA. Both areas are subject to salt-marsh formation but
the salt marshes are very different. In the Wadden Sea, live-
stock can graze on salt marshes in summer, something which
is impossible in the soft mud of the salt marshes in Georgia,
for example. The reason for this is the wind-tide effect which
is present in the Wadden Sea and absent in Georgia. Because
of this, salt marshes in the Wadden Sea quickly grow higher
than the highest astronomical tide (HAT), something that
never happens in Georgia (Bartholdy 2012). The dry ﬁrm
summer salt-marsh areas above HAT in the Wadden Sea,
therefore appear totally different from the frequently inun-
dated, soft and unsuitable for livestock-grazing salt marshes
of Georgia. The two salt-marsh types can therefore be
regarded as occurring at opposite ends of a continuum of
salt-marsh types directly affected by climate change in terms
of changes in wind climate.
9.5 Estuaries: Geomorphology
and Sediment Transport
Stijn Temmerman
9.5.1 General Properties
Major estuaries around the North Sea include the Western
Scheldt (Belgium and the Netherlands), Eastern Scheldt (the
Netherlands), Ems-Dollard (the Netherlands and Germany),
Weser (Germany), Elbe (Germany), Firth of Forth (UK),
Humber (UK), and Greater Thames (UK). Although historic
human modiﬁcation of these estuaries is very important (see
Sect. 9.5.2), their geomorphology is generally characterised
by an overall funnel-shaped, landward converging form,
including landforms such as subtidal channels, sub- and
intertidal sandy shoals or bars, intertidal mudflats and
intertidal marshes (ranging from salt, brackish to freshwater
tidal marshes) (Fig. 9.13) (Seminara et al. 2001; Prandle
2004; Dronkers 2005; Van Maanen et al. 2013). In the most
downstream, wider part of the estuaries the subtidal channel
system often comprises multiple channels, including flood
and ebb channels, which develop as a consequence of the
Fig. 9.12 Modelled salt-marsh level at the Skallingen back-barrier
marsh minus the highest astronomical high tide level (HAT) for
different sea-level rise (SLR) scenarios. A difference between the two of
−0.5 m represents the mean high tide level, and is regarded as the lower
limit for salt-marsh growth. The start time of 100 years is chosen
because the salt marsh is about 100 years old. a Conditions charac-
teristic of the central section of the back-barrier marsh. b Conditions
characteristic for the area close to the salt-marsh edge (Bartholdy et al.
2010b)
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semi-diurnal alternating flood and ebb flow directions and
inertia in the water movement (Fig. 9.13). More upstream,
estuarine channel width and depth decrease and the multiple
channel system generally converges towards a single chan-
nel system. Branching channel networks typically develop
where extensive intertidal flats and marshes are tidally
flooded and drained (Fig. 9.13). The most downstream
section may transition into a back-barrier tidal lagoon system
such as in the Wadden Sea area (e.g. Ems-Dollard, Weser,
Elbe) with back-barrier marshes.
The coarse-grained bedload transport is most intense in
the subtidal channels and therefore is most determining for
the morphodynamic evolution of these channels, while the
suspended sediment is more important for the evolution of
the intertidal mudflats and marshes. As a consequence of
(1) the tidal pumping of sediments, (2) estuarine circulation
due to stratiﬁcation or partial mixing of salt seawater and
fresh river water, and (3) settling and scour lag effects as
described for the Wadden Sea (see also Sect. 9.4), the more
downstream part of estuaries is generally dominated by a net
landward transport of sediments of a marine origin; while in
the most upstream part of estuaries there is an input of ter-
restrial sediments through rivers that discharge into the
estuary. As a consequence of these converging sediment
transport directions, and in combination with flocculation
processes, the SSC typically reaches a maximum in the
so-called estuarine turbidity maximum (ETM) zone
(Fig. 9.14) (e.g. Dyer 1997). The existence of an ETM is
well-documented for most estuaries in the North Sea region
(e.g. Uncles et al. 2002), and may have important implica-
tions for the estuarine ecosystem, because turbidity controls
the depth of light penetration into the water column and
thereby the potential limitation of primary production by
phytoplankton if turbidity is too high (e.g. Cloern 1987).
Furthermore, the SSC determines the capacity of intertidal
mudflats and marshes to grow with SLR by sediment
accretion (more details in Sect. 9.5.3.1).
The SSC may also depend on sediment surface stability
depending on biological controls. These can be divided into
biostabilisation and biodestabilisation, with sediment surface
stability ultimately dependent on the balance between the
Fig. 9.13 Typical example of a North Sea estuary, the Scheldt estuary,
SW Netherlands and Belgium. a General location. b Bathymetry of the
most downstream section of the estuary (up to the Dutch-Belgian
border). Red areas indicate intertidal flats and marshes; yellow and blue
areas indicate subtidal areas; darker blue indicates deeper areas. Flood
and ebb channels are indicated with red and black arrows, respectively.
Note as for almost all estuaries around the North Sea, human
modiﬁcation of the estuary is important mainly due to large historical
embankments of intertidal areas (around 100,000 ha over the last
1000 years) and channel dredging (deepening of sills between the
North Sea and port of Antwerp)
Fig. 9.14 Time-averaged longitudinal variation in suspended sedi-
ment concentration (SSC) along the Scheldt estuary, calculated from
monthly monitoring data for 1996–2001, showing the presence of an
Estuarine Turbidity Maximum (ETM) zone at around 100 km from the
estuary mouth in the North Sea. Error bars represent the 10th and 90th
percentiles of all SSC measurements at a station (after Temmerman
et al. 2004)
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two competing sets of processes. This balance varies spa-
tially, both vertically within the tidal frame and horizontally
along the estuarine salinity gradient, and temporally, on
seasonal, interannual and perhaps longer timescales. These
patterns have implications for estuarine morphology; strong
biostabilisation will lead to a flatter proﬁle because flood and
ebb tidal pulses will be less effective on intertidal flat sur-
faces. Conversely, destabilisation will lead to lower critical
shear stresses for erosion and thus result in steeper proﬁles.
In general, biostabilisation is associated with microorgan-
isms and biodestabilisation with a benthic macrofauna. Thus,
for the Humber estuary (UK), Wood and Widdows (2002,
2003) developed a simple (if unvalidated) cross-shore model
incorporating biostabilisation (in the form of chlorophyll
a content) and bioturbation (from the burrowing bivalve
Baltic tellin Macoma balthica). The model suggests that the
erosion or deposition driven by natural fluctuations in biota
densities are as large as the changes caused by variations in
tidal range and currents over a spring–neap cycle or are
equivalent to a doubling of the external sediment supply.
Seasonal variations in the density of stabilising diatoms can
alter the magnitude of net deposition by a factor of 2 and
interannual changes in Macoma balthica density change
deposition by a factor of 5. In a UK climate change scenario,
milder winters result in lower springtime recruitment of
Macoma, leading to lower rates of bioturbation at
mid-intertidal levels and lower sediment supply to the upper
intertidal zone and its fringing salt marshes (Wood and
Widdows 2003).
Using the same two biotic groups, Paarlberg et al. (2005)
extended Wood and Widdows (2002) approach, showing
that changes in bioturbation and stabilisation by microphy-
tobenthos can potentially alter the mud content and elevation
(by 5–10 cm) of shoal banks in the Western Scheldt estuary
(Netherlands). In fact, ﬁeld observations in the Western
Scheldt estuary show that two stable sedimentological states
are present at intermediate levels of bed shear stress, either a
bare surface with low silt content or a high silt content
supporting a high density of diatoms. This bimodal pattern
results from the feedback links between the biota and silt
content. Diatom growth rates are enhanced by the nutrients
present in silt-rich sediments and diatom resuspension falls
as diatom density increases, favouring the accumulation of
silts. Loss of diatom cover sets this dynamic in reverse (Van
de Koppel et al. 2001).
9.5.2 Human Impacts
Human impacts on estuarine geomorphology are particularly
signiﬁcant in the North Sea region. A general phenomenon
is the historical reclamation of intertidal flats and marshes in
many estuaries, since Medieval and even Roman periods. As
a result the present-day area of intertidal flats and marshes is
only a tiny fraction of the original area. For example, in the
Western Scheldt estuary around 100,000 ha of intertidal
areas—mostly marshes—have been reclaimed by seawall
building since 1200; nowadays only around 2800 ha of
marshes and 8000 ha of intertidal flats (i.e. 10 %) remain
(Meire et al. 2005). Apart from the direct impact on the
reclaimed land, the geomorphology of the remaining estuary
will also react. The large reduction in intertidal areas may
considerably reduce the volume of an estuary and hence its
tidal prism (the volume of water within the estuary between
high and low tides). Due to the reduced tidal prism and tidal
currents, the long-term response of the estuary is that
channels may ﬁll with sediments and remaining intertidal
mudflats in front of the seawalls may silt up promoting the
succession towards marshes (e.g. Townend 2005). Extreme
cases exist where progressive historical land reclamation
resulted in a cascading effect and almost complete silting up
and disappearance of the estuary (e.g. Zwin estuary towards
Bruges, Belgium). In other cases, estuaries are still
responding to historical land reclamation and estuarine
sediment inﬁlling may be expected to continue over coming
decades. In still more cases, other processes may have
compensated for the loss of tidal prism and land reclamation
may not induce as much estuarine sediment inﬁlling. As De
Swart and Zimmerman (2009) concluded in an extensive
review, interactions between intertidal and channel mor-
phodynamics are complex and still not fully understood.
More recent human impacts include the dredging and
canalisation of estuarine channels, because many estuaries in
the North Sea region provide access to major harbours,
including the ports of Rotterdam (Rhine-Meuse), Antwerp
(Western Scheldt), and Hamburg (Elbe). Channel deepening
reduces hydraulic friction, while land reclamation reduces
the water storage capacity of estuaries. As a combined effect
tidal penetration has increased in many estuaries (e.g. Frie-
drichs and Aubrey 1994). An increase in tidal range may
increase the stirring of ﬁne-grained sediments and so
increase SSC towards highly turbid conditions, such as
observed in the Ems estuary (e.g. Van Leussen 2011).
Other human impacts since the 1950s include the build-
ing of flood defence structures, such as storm surge barriers
(e.g. Eastern Scheldt barrier; Thames barrier) and even the
complete closure of estuaries by dams (e.g. Dutch Delta
works). In the Eastern Scheldt estuary, the storm surge
barrier seriously affects the sediment budget: as the tidal
prism is reduced, the channels tend to ﬁll in, but because
marine import of sediments is restricted by the storm surge
barrier, the intertidal flats inside the estuary experience
erosion and sediments are redistributed towards the
channels.
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9.5.3 Future Expectations
9.5.3.1 Sea-Level Rise
Aspects of climate change that are expected to affect the
geomorphology of estuaries include accelerated SLR,
increased storminess, and increased fluctuations in fresh-
water discharge. SLR is of particular concern for the geo-
morphology and ecology of intertidal flats and marshes. In
some parts of the world (e.g. Mississippi Delta; Chesapeake
Bay; Venice Lagoon), sediment accretion rates are not
enough to compensate for relative SLR (i.e. eustatic SLR
combined with local land subsidence), which has resulted
over the last century in extensive die-back of marsh vege-
tation and conversion of marshes and mudflats into open
water (e.g. Kearny et al. 2002). A recent study combining
ﬁve state-of-the-art models of marsh sedimentation in
response to SLR, revealed that marshes with a low tidal
range and low SSC (<20 mg l−1) are especially at risk from
submergence by average SLR projections (Kirwan et al.
2010). Based on Fig. 9.15, and given the large tidal ranges
(2–6 m) and generally high SSC values (mostly >20 mg l−1
and up to several hundreds of milligrams per litre) for
estuaries around the North Sea, the risk of marsh submer-
gence by SLR is low for the coming century. For example,
for the Western Scheldt estuary (average SSC *40 mg l−1;
mean tidal range *4 m), marshes are expected to drown in
the long term only if the rate of SLR increases to 50 mm
year−1, which is far more than expected by 2100 (Tem-
merman et al. 2004). In theory, SLR may also affect estu-
arine sediment regimes, as it may increase the landward
penetration of tides and hence of the ETM, but only if
morphodynamic changes in the estuary are assumed to be
zero; however, estuarine morphodynamic changes and
human impacts are likely to exert much more control over
estuarine sediment regimes than SLR.
9.5.3.2 Storms
Although the precise effects of climate warming on
increasing frequency and intensity of storms is subject to
debate in the scientiﬁc literature, there is growing consensus
that climate warming is expected to increase the intensity of
extreme tropical and extra-tropical storms for many coastal
areas worldwide (e.g. Knutson et al. 2010), including the
North Sea (e.g. Knippertz et al. 2000; Leckebusch and
Ulbrich 2004; Donat et al. 2010). Increasing storminess may
have geomorphological effects as wind waves during storms
may affect erosion and sedimentation processes, especially
on intertidal flats and along marsh edges (e.g. Callaghan
et al. 2010 and see Chap. 18). Wind waves are most
important in the seaward, wider parts of the estuaries, where
water surface and wind fetch length are longer so that higher
storm waves can be generated, while in the more landward,
smaller parts of the estuaries smaller wind waves are
expected. For several North Sea estuaries, including the
Greater Thames area (UK) and the Western Scheldt estuary
(Netherlands), lateral erosion of the edges of intertidal flats
and marshes has been reported and partly attributed to wind
wave erosion (e.g. Van der Wal and Pye 2004; Van der Wal
et al. 2008), which might increase with increasing storminess
due to climate change. However, these studies also high-
lighted that the wind-wave climate is not the only variable
explaining the patterns and rates of lateral marsh erosion, but
that other factors also play a major role, including the
larger-scale morphodynamic changes in estuarine channel
position, which may be affected by human impacts such as
dredging and disposal of sediments (e.g. Cox et al. 2003).
Several studies also address the role of self-organising
mechanisms, driven by feedbacks between marsh vegetation,
sediment deposition and erosion, and wave hydrodynamics,
leading to cycles of lateral marsh extension and lateral marsh
erosion, that are not solely driven by external forcing factors
such as storminess (Van de Koppel et al. 2005; Chauhan
2009; Mariotti and Fagherazzi 2010).
Fig. 9.15 Predicted threshold rates of sea‐level rise, above which
marshes are replaced by subtidal environments as the stable ecosystem.
Each line represents the mean threshold rate (±1 SE) predicted by ﬁve
models as a function of suspended sediment concentration and spring
tidal range. The hatched line denotes thresholds for marshes modelled
under a 1 m tidal range (pink), a 3 m tidal range (blue), and a 5 m tidal
range (green). For reference, examples have been included (denoted
with square markers) of marshes worldwide in estuaries with different
rates of historical sea‐level rise, sediment concentration, and tidal
range. (PIE Plum Island Estuary, Massachusetts; PAS Pamlico Sound,
North Carolina; BCQ Bayou Chitique, Louisiana; NIE North Inlet
Estuary, South Carolina; SCH Scheldt Estuary, Netherlands; PCM
Phillips Creek Marsh, Virginia; OOB Old Oyster Bayou, Louisiana)
(after Kirwan et al. 2010)
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9.5.3.3 Precipitation
According to the latest IPCC assessment, winter precipita-
tion (October–March) in central and northern Europe (in-
cluding the North Sea region) could be up to 40 % higher
than present-day by 2100 (this value includes the 5th to 95th
percentiles of precipitation projections for all IPCC scenar-
ios) (Van Oldenborgh et al. 2013). For summer (April–
September), climate models project a change in precipitation
of −10 % to +20 % by 2100. Although the range of pro-
jections is quite large, the IPCC projections clearly suggest a
future increase in precipitation during winter, with a smaller
increase or even a slight decrease, during summer. Larger
fluctuations in freshwater river discharge may affect the
terrestrial sediment supply to estuaries. More intense rainfall
events, especially during winter, may induce larger soil
erosion events within the river catchment of estuaries (e.g.
Poesen et al. 2003), and so may increase the terrestrial
sediment supply to estuaries, potentially contributing to
higher SSC values in the ETM zone (see also Chaps. 11 and
13). However, it should be emphasised that in terms of
runoff and sediment supply to estuaries and the coast, human
impacts such as changes in land use within the river catch-
ment of estuaries are often as important as or even more
important than changes in precipitation (Syvitski et al.
2005).
9.5.3.4 Human Impact
It must be stressed that human impacts such as channel
deepening for harbour accessibility and flood defence and
shoreline protection structures on geomorphology and sedi-
ment transport in estuaries are very likely to continue over
the coming decades, and may dominate, exacerbate or
compensate for the potential impacts of climate change.
Channel deepening is likely to exacerbate the increase in
tidal range and landward tidal wave penetration over coming
decades, increasing risk of sediment resuspension and a
potential shift towards hyper-turbid conditions such as
happened in the Ems estuary in the Netherlands over past
decades (Winterwerp 2011). One particular example of
mitigation of climate and human-induced impacts is the
conversion and restoration of formerly reclaimed land into
intertidal flats and marshes in the UK (so-called managed
coastal realignment schemes, such as in the Humber and
Blackwater estuaries) (French 2006b) and Belgium (the
Sigma plan in the Scheldt estuary) (Maris et al. 2007). Other
types of ecosystem-based adaptation to climate change (‘soft
engineering’), that are starting to be implemented, include
the creation of oyster reefs and sand supply on tidal flats
such as in the Eastern Scheldt estuary (e.g. Temmerman
et al. 2013). Although such schemes provide multiple ben-
eﬁts in the form of ecosystem services (see E-Supplement
S9) (e.g. flood storage, erosion protection, water quality
regulation, carbon sequestration, ﬁsheries production),
societal opposition against conversion of reclaimed land into
intertidal flats and marshes may be important and effects on
changing tidal conditions in the estuary must be considered
(see Temmerman et al. 2013 for a review).
In the Scheldt estuary, up to 3000 ha of historically
reclaimed land are designated for conversion into flood-
plains, of which about 1500 ha are tidal marshes (Broeckx
et al. 2011). The new intertidal areas have two objectives: to
store extra water and attenuate landward propagating storm
surges, thus reducing flood risk in the hinterland; and to
provide ecosystem services such as water quality improve-
ment and habitat restoration. Effects on the sediment budget
of the estuary may also be expected (Maris et al. 2007). For
example, in the Belgian part of the Scheldt estuary, the tidal
marsh area is expected to increase from around 420 ha at
present to almost 2000 ha by 2030. A pilot project showed
that sediment accretion processes are already occurring in
the newly created marshes at rates (per surface area) com-
parable to those on natural marshes (Vandenbruwaene et al.
2011), and so the completion of the whole marsh restoration
scheme could reduce the risk of increasing SSC and turbidity
within the estuary. Similar tidal marsh creation projects on
formerly embanked land have been realised over the last few
years and are planned for the near future in other estuaries
around the North Sea, in particular in the Humber and
Greater Thames estuaries (UK), where this management
approach is called ‘managed coastal realignment’ (e.g.
French 2006b; Turner et al. 2007).
The positive outcome of this management approach of
tidal marsh creation on formerly reclaimed land should
stimulate the wider implementation of this approach in other
estuaries around the North Sea as a sustainable and
cost-effective manner to mitigate climate- and human-
induced impacts.
9.6 Salt Marshes
Jan P. Bakker
9.6.1 Distribution and Dynamics
Salt marshes occur along an elevational gradient from the
intertidal flats to middle and high marsh with an associated
change in the composition of the vegetation (Fig. 9.16).
Vegetation-sedimentation feedbacks are only one of the
many potentially important interactions (Fig. 9.17) (Nolte
et al. 2013a). The main external controls of sediment
deposition are sea level (hydroperiod) and sediment supply.
The latter is strongly related to the SSC. Interactions
between the physical and biological features of salt marshes
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are also important. The accumulation of plant biomass can
play an influential role in sediment deposition. Human
impacts such as ditching or management practices such as
livestock grazing (and then soil compaction) can also affect
processes related to hydrodynamics, vegetation composition,
and sediment deposition.
Although many salt marshes tend to have a ‘natural’
appearance, some along the mainland coast result from
human interference. Salt marshes emerged about 2500 years
BP after the last glacial period. Apart from small-scale
embankments from the Roman period onward, most of the
coastline became protected by seawalls about 1000 AD, thus
reducing brackish marshes further inland and disconnecting
them from the salt marshes. Peat reclamation along the
coastline and subsidence behind the seawalls combined with
sudden falls in the human population due to disease in the
Medieval period, made the embankments vulnerable to
attack by the sea. This resulted in societal collapse and a
subsequent inability to maintain the seawalls that protected
the embankments (Wolff 1992). This resulted in embay-
ments such as the Lauwerszee, Dollard (the Netherlands),
Leybucht (Germany), and subsequent new salt-marsh
development. In past centuries, extensive areas of salt
marsh have been embanked for coastal protection and agri-
cultural exploitation (Dijkema 1987). Currently, a decline in
the pioneer zone and increase in the high marsh zone in the
Wadden Sea has been reported (Esselink et al. 2009). Since
the 1960s it has not been economically viable to embank salt
marshes for agricultural use (Wolff 1992). Accidental
de-embankments after storm surges have occurred since the
19th century, and deliberate de-embankments in
north-western Europe since the 1990s (Esselink et al. 2009).
In terms of their future survival, it is important to understand
the extent to which salt marshes can keep pace with the
projected acceleration in SLR. An extreme episodic storm
surge may destroy the vegetation at the marsh edge and
cause the formation of a cliff (Van de Koppel et al. 2005).
Feedbacks between sediment, vegetation and wave hydro-
dynamics may result in the formation of new marshes (see
Sect. 9.5.3.2). Estuarine marshes in south-east England
suffer from erosion. An overview of erosion rates revealed a
net loss in area between 1973 and 1998 of about 1000 ha, or
33 %. Recent erosion rates (1988–1998) have been slower
however (Cooper et al. 2001) and the area covered has
recently (2006–2009) increased, resulting in a loss of ‘only’
750 ha since 1973 (Phelan et al. 2011).
Lateral erosion can result in a narrowing of salt marshes,
or coastal squeeze (Wolters et al. 2005a), particularly in the
case of a short foreshore (Bouma et al. 2014) (see also
Chap. 18). The potential loss of salt-marsh area through
erosion from the seaward edge appears unrelated to the
sedimentation processes in the salt marsh itself, but is
determined by sedimentation in the pioneer zone, thus
allowing dynamic rejuvenation of the lower salt marsh
(Boorman et al. 1989; Dijkema et al. 2010), as in the case of
a wide foreshore (Bouma et al. 2014). A wider foreshore will
Fig. 9.16 Zonation of salt marshes in relation to the duration and
frequency of tidal flooding and marsh elevation for the western German
Wadden Sea. On back-barrier marshes the seawall is replaced by dunes
(modiﬁed after Erchinger 1985). Eelgrass Zostera spp., glasswort
Salicornia spp., common cordgrass Spartina anglica, seaside alkali
grass Puccinellia maritima, sea purslane Atriplex portulacoides, red
fescue Festuca rubra, sea couch Elytrigia atherica are the dominant
plant species. They may be replaced by other species in the northern
North Sea region. Wind flood (Windflut) is deﬁned as 92 cm + MHT,
storm flood (Sturmflut) as 198 cm + MHT, hurricane flood (Orkanflut)
as 275 cm + MHT. During a period of 20 years, they occur n  10
times, 10 > n  0.5, and 0.5 > n  0.05, respectively, in the western
German Wadden Sea (Niemeyer 2015)
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inherently offer more space for intertidal ecosystems.
Moreover, a wider foreshore will generally have weaker
wave energy gradients than a narrower foreshore, thereby
making it easier for epibenthic ecosystems to establish. As a
result, both the maximum and minimum widths of an
intertidal habitat will have a positive relationship with the
size of the foreshore (Fig. 9.18). Self-organisation of this
type is enhanced by the wave reduction of up to 60 %
attributed to vegetation compared to bare soil (Möller et al.
2014). Sea-edge erosion may result in large-scale cliff ero-
sion. If cliff erosion is not prevented by groynes, marshes
established from sedimentation ﬁelds may disappear in the
long term (Dijkema 1994).
The area covered by salt marshes in the North Sea region
has increased following accidental de-embankments after
breaching of the seawall or summerdike during storm surges,
such as occurred in 1953. Accidental de-embankments took
place at 35 sites in north-western Europe before 1991. After
1991, deliberate de-embankment took place at 29 sites, and
there are plans to increase this number. The de-embanked
sites ranged from less than 1 ha to over 500 ha. The total
area amounted to more than 5600 ha (Wolters et al. 2005b).
Half of the deliberate de-embankments were carried out for
habitat restoration and a quarter for flood defence (see
E-Supplement S9 for ecosystem services) (Fig. 9.19).
Past SLR is not the same along the entire coastline of the
North Sea, nor is it constant over time (Table 9.1 in
Sect. 9.2.3.1). Global mean SLR was about 1.7 mm year−1
for the 20th century as a whole, but was higher at about
3 mm year−1 over the last two decades. These data hold for
most of the European coasts, but with variations due to local
land movement, either positive or negative (EEA 2012).
Mean SLR for the North Sea region over the past 20 years1 is
1.4 ± 0.4 mm year−1. A recent analysis of data from Dutch
Fig. 9.17 Factors affecting sedimentation and accretion processes in coastal marshes. The letters A, B, C, and D indicate the main factors
considered in the review (after Nolte et al. 2013a)
1http://ibis.grdl.noaa.gov/SAT/SeaLevelRise/slr/slr_sla_nrs_free_all_
66.pdf.
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tidal stations does not show an acceleration in SLR between
1990 and 2010 (Dillingh et al. 2012). SLR can be affected by
vertical land movement. This varied from −1.3 to 0.1 mm
year−1 over the period 1843–2009 in the German Bight (Wahl
et al. 2011) and from −1.1 to −0.5 mm year−1 in the English
Channel through the 20th century (Haigh et al. 2011).
Not only has mean SLR changed over time, but MHT has
also varied in different locations and over different periods
(Table 9.2). For a given area, the rate of change in MHT was
sometimes higher that SLR, sometimes lower, or was even
negative.
9.6.2 Sedimentation and Accretion
in Intertidal Marshes
Whether coastal marshes can cope with accelerated SLR
depends on the change in surface elevation, which in turn
depends on availability of sediment (SSC), over marsh tidal
events, and autocompaction. These interact with plant bio-
mass and exploitation of salt marshes by livestock grazing
(Fig. 9.17). Rates of surface elevation change (SEC) of a
broad sample of allochthonous marshes in north-western
Europe and North America range from a few millimetres per
year to several centimetres per year. There is no obvious
trend with tidal range, but the envelope of variability is
wider at larger tidal ranges. The sites included no evidence
for SEC deﬁcit (i.e. the difference between rates of SEC and
SLR) with the exception of a single system (French 2006a).
Accretion and SEC are both often expressed as an aver-
age for a given area, including a range on individual mea-
surements. Salt marshes along the mainland coast of the
North Sea region reveal higher rates of accretion or SEC
than those on barrier islands (Table 9.3).
Fig. 9.18 Schematic illustration of the relation between foreshore
dimensions and the maximum and minimum widths of an intertidal
ecosystem with wave-attenuating aboveground (epibenthic) structures.
The maximum and minimum widths relate to the borders reached by
intertidal ecosystems with cyclical dynamics: the minimum width is the
size of the ecosystem that will maintain, whereas everything between
the maximum and minimum will vary over time. A sufﬁciently wide
foreshore is important to enable epibenthic intertidal ecosystems to go
through natural cycles of decay and re-establishment (cf. Van de
Koppel et al. 2005), without experiencing coastal squeeze. On a narrow
foreshore, re-establishment of degrading epibenthic ecosystems may be
hampered by gradients in wave energy that are too strong (Bouma et al.
2014)
Fig. 9.19 Timing and causes of salt marsh de-embankment by
country. a habitat creation or restoration; b flood defence; c gaining
experience; d unknown (Wolters et al. 2005b)
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Data on the age of salt marshes in Table 9.3 are not often
available. In contrast, age data are available for back-barrier
marshes and these indicate decreasing SEC with increasing
age of the marsh (Van Wijnen and Bakker 2001). SEC was
2.5 mm year−1 on a marsh of up to 15 years in age, around
1.5 mm year−1 on a marsh of 30 years in age, and around
0 mm year−1 on a marsh of 100 years in age (Fig. 9.20).
Decreasing SEC in older marshes may indicate autocom-
paction (see Sect. 9.4).
In addition to regional differences in SEC, there are also
local differences from high marsh to intertidal flats. At the
barrier island of Langli, Denmark, an accretion rate of
−1 mm year−1 (2001–2009) was recorded on the high marsh
and 0.5 mm year−1 on the low marsh (Kuijper and Bakker
2012). On the mainland marsh of the Dollard estuary in the
Netherlands, the accretion rate was 9–16 mm year−1 at
10 cm + MHT and 0–8 mm year−1 at 55 cm + MHT over
the period 1984–1991 (Esselink et al. 1998). Plots at 20–
60 cm + MHT revealed a SEC of 5–9 mm year−1, while
plots at 70–80 cm + MHT showed only 1 mm year−1 for
the period 1996–2009 in the mainland marsh of Hamburger
Hallig on the German coast. Rates of accretion or SEC were
generally higher near the salt-marsh edge in both mainland
and back-barrier marshes (Table 9.4). However, this was not
found at the southern side of Hamburger Hallig, indicating
strong local differences (Stock 2011). Rates were higher on
mainland marshes than back-barrier marshes (see also
Table 9.3).
The rate of accretion also declines away from creeks and
ditches in the mainland marshes of the Dollard; 15 mm
year−1 next to a creek and 2 mm year−1 (over 1984–1991) at
20 m from the creek at a distance of 750 m from the marsh
edge (Esselink et al. 1998). Apparently water with very little
sediment in suspension inundates the marsh far from the
Table 9.2 Regional variation in change in mean high tide (MHT) within the North Sea region
Area Change in MHT, mm year−1 Period Source
Wadden Sea 2–2.5 1950–2000 Oost et al. (2009)
Germany–mainland 4.2 1965–2001 Jensen and Mudersbach (2004)
Germany–islands 3.5 1965–2001 Jensen and Mudersbach (2004)
Ameland, Netherlands 6 1963–1983 Dijkema et al. (2011)
0 1983–2010 Dijkema et al. (2011)
New Statenzijl, Dollard, Netherlands 5.7 1890–1910 Esselink et al. (2011)
1 1910–1954 Esselink et al. (2011)
6 1955–1983 Esselink et al. (2011)
−0.3 1983–2009 Esselink et al. (2011)
Table 9.3 Regional variation in mean rates of accretion (AC), surface elevation change (SEC) or a combination of the two on salt marshes in the
North Sea region
Area AC/SEC mm year−1 Period Source
Mainland
Friesland, Netherlands 11–29 SEC 1984–2010 Dijkema and Van Duin (2012)
Peazemerlannen, Netherlands 9–14 SEC 1996–2010 Dijkema and Van Duin (2012)
Groningen, Netherlands 8–14 SEC 1984–2010 Dijkema and Van Duin (2012)
Dollard, Netherlands 7–10 SEC 1984–2003 Dijkema and Van Duin (2012)
Schleswig-Holstein south, Germany 2–3 SEC 1998–2009 Suchrow et al. (2012)
Schleswig-Holstein north, Germany 5–9 SEC 1998–2009 Suchrow et al. (2012)
Hamburger Hallig, Germany 4–17 SEC 1996–2009 Stock (2011)
Back-barrier
Stiffkey, UK 6.5 AC/SEC 1995–1998 Cahoon et al. (2000)
Terschelling, Netherlands 1.3 AC/SEC 1995–1998 Van Wijnen and Bakker (2000)
Schiermonnikoog, Netherlands 0–3 AC/SEC 1995–1998 Van Wijnen and Bakker (2000)
Rømø, Denmark 2.6 AC 1980–2003 Pedersen and Bartholdy (2006)
Fanø, Denmark 2.8 AC 1980–2003 Pedersen and Bartholdy (2006)
Skallingen, Denmark 2.4 AC 1980–2003 Pedersen and Bartholdy (2006)
Skallingen, Denmark 1.4 AC/SEC 1995–1998 Van Wijnen and Bakker (2000)
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edge. Sediment trapping at the marsh edge is enhanced by
plants causing wind wave attenuation (Möller 2006).
Data from a broad sample of allochthonous marshes in
north-western Europe and North America, reveal only weak
positive linkages between SSC and mean tidal range (French
2006a). Variability in SSC is dependent on the weather
conditions. In the eastern Wadden Sea in the Netherlands,
SSC of up to 100 mg l−1 was recorded during most tides,
but could increase to 800 mg l−1 during periods of strong
western winds (Kamps 1962). Elevated SSC due to wave
re-suspension correlates with strong westerly wind events.
These local meteorological events seem to overrule sea level
and tidal range (French 2006a). An increase in extreme sea
level during storm surges in the southern North Sea was
found over the period 1850–2000 (Weisse et al. 2012).
Wave activities can re-mobilise sediment, especially with
onshore winds. However, surges are not always accompa-
nied by strong onshore winds.
Spatial differences in accretion are also found. On the
levees, low marsh and depressions in the mainland marsh of
Peazemerlannen in the Netherlands, the rate of accretion was
higher during a period that included winter storms than
periods without (Nolte et al. 2013a) (Fig. 9.21). Most sedi-
ment originates offshore (see Sect. 9.4.1), the rest is mobi-
lised from adjacent intertidal flats during storms.
Measurements of SEC over six years along the mainland
coast of Friesland in the Netherlands, revealed many flood-
ings of the salt marsh with high tides plus storm surges
 0.90 m + MHT in the period 2002/03–2006/07. A posi-
tive relationship was found between the cumulative water
column per storm year above the salt marsh and annual SEC
for the high marsh (0.57–0.85 m + MHT) and low marsh
(0.24–0.34 m + MHT) (Fig. 9.22). Esselink and Chang
Fig. 9.20 Marsh surface elevation change at 40 cm + MHT in the late
1990s over a three-year period in salt marshes at various successional
stages on the ungrazed back-barrier marshes of Schiermonnikoog, the
Netherlands (open bars), Terschelling, the Netherlands (grey bar) and
Skallingen, Denmark (black bar). Different letters indicate signiﬁcant
differences (p < 0.05) (Van Wijnen and Bakker 2001)
Table 9.4 Average rates of accretion (AC) or surface elevation change (SEC) on salt marshes within the North Sea region, at different distances
from the salt-marsh edge
Area AC/SEC (mm year−1) distance to
edge
Period Source
Mainland
Dengie Peninsula, UK 22 (50 m) 11 (200 m) 1981–1983 Reed (1988)
Hamburger Hallig, Germany 17 (50 m) 4 (650 m) 1996–2009 Stock (2011)
22 (50 m) 1–2 (1000 m) 1995–1999 Schröder et al. (2002)
Schleswig-Holstein, Germany 8 (100 m) 4 (400 m) 1988–2009 Suchrow et al. (2012)
Dollard, Netherlands 12–16 (50 m) 2–5 (800 m) 1984–1991 Esselink et al. (1998)
Back barrier
Langli, Denmark 0.5 (50 m) −1 (150 m) 2001–2009 Kuijper and Bakker (2012)
Norfolk, UK 4.5 (50 m) 3.4 (200 m) 1986–1991 French and Spencer (1993)
Skallingen, Denmark 4.2 (50 m) 1.6 (750 m) 1948–1998 Bartholdy et al. (2004)
Fig. 9.21 Comparison of accretion rate using Sedimentation Erosion
Bar (SEB) measurements for 2 years and 15 years. Measurements took
place on levees, in the low marsh, and in basins at the Peazemerlannen
mainland salt marsh in the Netherlands. The two-year measurements
represent a period without winter storms (Nolte et al. 2013a)
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(2010) were able to separate years with various cumulative
water columns above the marsh. They found the SEC was
3.8 mm year−1 in the high marsh and 31.8 mm year−1 in the
low marsh in the period 2002–2005, but 4.6 mm year−1 in
the high marsh and 13.1 mm year−1 in the low marsh in the
period 2005–2007, which includes the storm surge of 1
November 2006 with a high tide of 2.4 m + MHT compared
to average high tides of MHT. Hence, Esselink and Chang
(2010) concluded that storm floods contribute strongly to
accretion of sediment, but that a hurricane flood does not
always result in extra accretion, and may even result in less
SEC at the low marsh.
A thick layer of very turbulent water during a hurricane
flood might prevent settlement conditions for sediment.
Vegetation plays an important role in the accretion of sedi-
ment. This was demonstrated in the estuarine Dollard salt
marshes in the Netherlands. Both vegetation density and
height positively affected accretion rates (Esselink et al.
1998).
9.6.3 Salt–Marsh Ecosystems
9.6.3.1 Plants and Natural Herbivores
Deposited sediment can contribute to SEC, it also contains
nitrogen. The nitrogen pool of the rooting zone of 50 cm is
positively correlated with the thickness of the clay layer
on back-barrier marshes (Olff et al. 1997). In turn,
N-mineralisation is positively related to the nitrogen pool
(Bakker et al. 2005).
Plant productivity on salt marshes is considered to be
limited by nitrogen. N-limitation on lower and higher mar-
shes was demonstrated in west-European salt marshes by
Jefferies and Perkins (1977). Nitrogen accumulates during
succession in the nitrogen pool of organic matter in the
increasing layer of sediment and decaying plants and roots,
and N-mineralisation increases with age of the marsh (Van
Wijnen et al. 1997). This can be enhanced by the current
high rates of atmospheric nitrogen deposition. Although the
quantity of plant biomass increases during succession, the
quality (more stems that are less palatable) decreases. Hence,
the numbers of small herbivores such as winter-staging
geese and resident hares and rabbits decrease during suc-
cession, after peaking in early successional stages (Van de
Koppel et al. 1996). These smaller herbivores need livestock
to facilitate for them (Bos et al. 2005).
9.6.3.2 Livestock Grazing
Livestock grazing on European salt marshes can be traced
back a couple of millennia (Davy et al. 2009). Older
back-barrier marshes are grazed by livestock as mainland
marshes. Traditionally many salt marshes were intensively
grazed by sheep or cattle (see E-Supplement S9 for ecosys-
tem services). As a result the majority of these marshes were
covered by an extremely short homogeneous vegetation of
seaside alkali grass Puccinellia maritima or red fescue Fes-
tuca rubra (Kiehl et al. 1996). In the 1980s, grazing by
livestock was reduced by up to 60 % on back-barrier marshes
and up to 40 % in mainland marshes in the Wadden Sea in
2008 (Esselink et al. 2009). Alongside this change in man-
agement regimes there has been an increase in the abundance
of the late-successional tall grass species sea couch Elytrigia
atherica on several salt marshes along the North Sea coast,
for example on the Wash, UK (Norris et al. 1997), Schier-
monnikoog in the Netherlands (Van Wijnen et al. 1997) and
Schleswig-Holstein in Germany (Esselink et al. 2009). There
Fig. 9.22 Relation between the annual surface elevation change of the
salt marsh and the cumulative water column above 0.9 m + MHT for
each storm year (index) along the mainland coast of Friesland in the
Netherlands between 2002 and 2007 for the high marsh (a) and the low
marsh (b). Regression lines are based on a joint regression-analysis of
the various stations, each station includes three replicates (after
Esselink and Chang 2010)
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are high numbers of geese and hares on livestock-grazed salt
marshes, and low numbers on long-term ungrazed marshes
along the coasts of the Wadden Sea (Bos et al. 2005). When
grazing ceased, intensive ditching was often discontinued.
This resulted in a wetter marsh and reduced spread of sea
couch (Veeneklaas et al. 2013).
At the Leybucht, Germany, SEC of 17 mm year−1
(1980–1988) at 40 cm + MHT was measured in
cattle-grazed marsh, but was higher at 23 mm year−1 in the
abandoned marsh (Andresen et al. 1990). SEC was about
7 mm year−1 over 1996–2009 on ungrazed or low-density
grazing on mainland marshes of Hamburger Hallig, Ger-
many. It was however, reduced to 4 mm year−1 at sites with
high grazing density (Stock 2011). In mainland marshes of
the Dollard estuary, intensively grazed sites showed accre-
tion rates of about 8 mm year−1 and little-grazed sites about
12 mm year−1 over 1984–1991 (Esselink et al. 1998). In
Schleswig-Holstein, grazed sites showed an SEC of 3–
4 mm year−1 and ungrazed sites 8 mm year−1 over 1988–
2009 (Suchrow et al. 2012). Grazing reduces SEC. However,
this is not due to a lower input of sediment in grazed sites,
but to an increase in the bulk density of the soil in both a
back-barrier marsh (Elschot et al. 2013) and in mainland
marshes (Nolte et al. 2013b).
9.6.4 Climate Change and Salt Marshes
9.6.4.1 Sea-Level Rise
Back-barrier marshes with a low vertical accretion might be
affected by SLR earlier than mainland marshes with a higher
vertical accretion. With little sediment input and continuous
SLR, a salt marsh gets wetter, thus preventing the spread of
the late successional sea couch Elytrigia atherica on Ham-
burger Hallig even without livestock grazing (Esselink et al.
2009). On the back-barrier marsh of Schiermonnikoog, sea
couch has been replaced by the reed Phragmites australis,
far from the salt-marsh edge (Veeneklaas et al. 2013). This
suggest that on broad salt marshes geomorphological chan-
ges may occur, resulting in growing differences in elevation,
that is, high salt-marsh edge and creek bank levees, and
lower depressions between creeks. Especially at the foot of
dunes releasing fresh seepage water, brackish conditions can
develop.
Accelerated SLR is believed to affect the zonation of
salt-marsh plant communities: high salt-marsh communities
should turn into lower salt-marsh communities (see
Fig. 9.16) (Dijkema et al. 2011). Accelerated SLR can be
modelled, but it is not known what will actually happen in
reality. An unintended experiment (unique in the North Sea
region) taking place as a result of natural gas extraction for
energy on the back-barrier salt marsh of Ameland in the
Netherlands, may give some idea. Gradual soil subsidence of
up to 35 cm by 2050 is expected close to the extraction point
(Dijkema 1997). After 25 years, the maximal subsidence is
about 25 cm. Near the salt-marsh edge, subsidence is totally
counteracted by accretion, with an SEC of zero. About
300 m from the marsh edge, only 4 cm accretion was
measured, thus an SEC of −21 cm (Fig. 9.23). Permanent
plot data show no decrease in the late successional grass sea
couch. At the scale of the salt marsh, however, data from
repeated vegetation mapping do show some decrease in the
sea couch community (Dijkema et al. 2011). To date, there
has been little change in the zonation of plant communities.
The future will show whether 25 cm subsidence is sufﬁcient
to cause vegetation change, or whether there is a time lag in
the response of the vegetation.
Observations of vegetation composition, elevation, soil
chemistry, net precipitation, groundwater level, and flooding
frequency over the period 1986–2001 were used to predict
future changes at the transition between salt marsh and dune
due to the combination of ongoing soil subsidence and cli-
mate change at the barrier island of Ameland. Climate
change was characterised by increases in mean sea level,
Fig. 9.23 Surface elevation change in the period 1986–2009 (green)
resulting from soil subsidence due to natural gas extraction (blue) and
accretion measured near the salt-marsh edge on a creek bank levee
(a) and about 300 m from the salt-marsh edge in a depression (b) (after
Dijkema et al. 2011)
300 J.P. Bakker et al.
storm frequency and net precipitation. Using multiple
regression, changes in the vegetation could be subdivided
into (1) an oscillatory component due to fluctuations in net
precipitation, (2) an oscillatory component due to incidental
flooding, (3) a monotonic component due to soil subsidence,
and (4) a monotonic component not related to any measured
variable but probably due to eutrophication. The changes
were generally small during the observation period (1986–
2001), but the regression model suggests large changes by
2100 that are almost exclusively due to SLR. Although SLR
is expected to cause a loss of plant species, this does not
necessarily imply a decrease in nature conservation interest;
while common species may be lost rarer species may persist
(Van Dobben and Slim 2012).
Comparison of the zonation of beetles and spiders in
present mainland salt marshes, and laboratory experiments
with enhanced SLR, suggested that species of the lower
marsh will move to higher elevation, but species of the
higher marsh are unable to escape to higher elevations owing
to the barrier of the seawall. These results were interpreted as
an example of coastal squeeze (Irmler et al. 2002). Similarly,
the lowest-lying vegetation zones will increase at the
expense of upper vegetation zones in salt marshes in Den-
mark with enhanced SLR, according to modelling studies
(Moeslund et al. 2011). However, this ﬁnding contradicts the
previously mentioned results of soil subsidence through gas
extraction, which showed no change in the vegetation
(Dijkema et al. 2011).
9.6.4.2 Precipitation and Temperature
Although annual deviations from long-term averages are
important, there is a general trend of increasing precipitation
and rising temperature in the North Sea region. Changes in
precipitation may affect plant production (De Leeuw et al.
1990) and plant communities, especially those above MHT
(De Leeuw et al. 1991). Long-term trends in precipitation are
discussed in Chap. 2 (past) and Chap. 5 (future projections).
Critical loads of atmospheric nitrogen deposition indicate
the threshold amount at which ecosystems change dramati-
cally by encroachment of grasses and subsequent loss of
species. The empirical range of critical atmospheric nitrogen
deposition for ‘Pioneer and low-mid salt marshes’ has been
adjusted in the most recent review (Bobbink et al. 2010) to
30–40 kg N ha−1 year−1. This range is considered as expert
judgment for EUNIS type A2.64 and A2.65. The critical
deposition load is now 22 kg N ha−1 year−1 (1571 mol N
ha−1 year−1) for salt marshes in the Netherlands (Van
Dobben and Slim 2012).
Accelerated SLR will have impacts perpendicular to the
coastline. In contrast, temperature may have effects parallel to
the coastline. The distribution of plant species of salt marshes
and dunes may shift along the coast. Based on present pat-
terns of distribution, annual temperature and winter
precipitation, Metzing (2010) proposed a model to predict
changes in distribution resulting from climate change. An
increase of 2.5 °C in annual temperature and 15 % more
winter precipitation by 2050 is projected to result in a loss of
16 % of plant species in the Wadden Sea (see also
Sect. 9.3.4).
9.7 Coastal Birds
Martijn van de Pol
Coastal birds are typically distinguished from seabirds in that
they rely heavily on coastal areas for their food instead of the
open sea, although the distinction is not always clear-cut.
Coastal and seabirds are phylogenetically closely related and
many are part of the same order of Charadriiformes. When
discussing the impact of climate change on coastal birds, a
rather broad deﬁnition of coastal birds is taken here by not
only including the large group of waders (sometimes also
called shorebirds), but also by including other species that
depend heavily on coastal areas for feeding, such as Eurasian
spoonbills Platalea leucorodia, common eider duck Soma-
teria mollissima and various species of terns, geese and gulls.
The focus is not on birds that use coastal habitat solely for the
purpose of breeding (such as some songbirds).
Since by deﬁnition coastal birds rely on coastal areas for
their food, they live in the vicinity of coastal shallow waters
such as estuaries and intertidal flats and can breed on sandy
shores and salt marshes (cliff coasts are generally the domain
of seabirds). A substantial proportion of all coastal birds in
the North Sea region breed locally, but many others are
migratory (e.g. geese) that breed elsewhere (e.g. Arctic), and
only use estuaries around the North Sea to overwinter. This
distinction between resident and migratory birds is impor-
tant, as migratory birds may also be impacted by climate
change outside the North Sea region.
There is overwhelming evidence from around the globe
that the distribution and population size of many bird pop-
ulations are changing as a direct result of climate change (for
an overview see Møller et al. 2010). Around ten species of
coastal birds (both breeding and migratory) are declining in
parts of the North Sea, such as the Wadden Sea that spans
the Netherlands, Germany and Denmark (Fig. 9.24) and
estuaries in the United Kingdom (Risely et al. 2012). The
functional diversity, however, does not decline (Mendez
et al. 2012). But because coastal birds are rarely used as a
model system to investigate the effects of climate change,
very little is known about the general role that climate
change may play in causing changes in numbers of coastal
birds in the North Sea region (Ens et al. 2009). Nor is it well
understood which species are likely to be adversely affected
by climate change and which are likely to beneﬁt.
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Nevertheless, one of the aims of this section is to illustrate
that although current knowledge about the climate change
impact on coastal birds is limited, recent and future climate
change are expected to profoundly affect coastal avian
communities.
This section focuses on the few available studies on
coastal birds from the North Sea region, supplemented by
studies from outside the area to help with interpretation. This
involves a consideration of those aspects of climate that
might be changing and how these may affect coastal birds
(Sect. 9.7.1), a review of the ways in which bird populations
may respond to climate change, such as the timing of key
annual events (migration and egg laying) and changes in
reproduction and survival (Sect. 9.7.2), and an examination
of how changes in coastal bird population numbers and in
distribution range are interpreted in the light of direct and
indirect influences of recent climate variability (Sect. 9.7.3).
9.7.1 Effects of Climate Change on Birds
Weather variables such as air and sea temperature, and
amounts of precipitation are changing. Intra- and interannual
variability in these weather variables, temporal autocorrela-
tion and the frequency of extreme events can also change
over time, which may all affect population dynamics of
coastal birds (Van de Pol et al. 2010a, b, 2011). However,
climate may not change at the same rate throughout the year
or in different parts of the world, and this can lead to phe-
nological mismatches in food webs (Visser 2008) and
require readjustment of migration schedules (Bauer et al.
2008).
Global warming is causing both air and water tempera-
tures to rise. Air temperatures directly affect the energetic
expenditure and thereby food requirements of birds, partic-
ularly in small species during winter (Kersten and Piersma
1987). Many benthic and ﬁsh species that are prey items of
coastal birds are strongly dependent on sea temperatures for
growth, reproduction and survival (see also Chap. 8,
Sect. 8.4). Severe winters can cause high mortality among
many invertebrates, but these same cold winters can also
cause shellﬁsh to lose less body mass (Honkoop and Beu-
kema 1997) and result in a good spatfall (Beukema 1992).
Thus, it has been suggested that global warming is already
b Fig. 9.24 Recent changes in numbers of breeding (top) and migratory
(bottom) coastal birds in the Danish-German-Dutch Wadden Sea
estuary. Dark blue columns indicate species with signiﬁcant, increasing
numbers; light blue columns indicate species with stable numbers and
orange columns indicate species with signiﬁcant, decreasing numbers
(Kofﬁjberg et al. 2009; Laursen et al. 2010)
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causing reduced recruitment of shellﬁsh (Beukema and
Dekker 2005; Beukema et al. 2009) and a shift in benthic
community structure towards less cold-resistant species (e.g.
Schückel and Kröncke 2013). Furthermore, invasion of
exotic warm-water species, such as Paciﬁc oyster Cras-
sostrea gigas which is eaten by few birds, may result in
increased competition for existing benthic species (Diederich
et al. 2004).
Global warming also causes sea water to expand and land
ice to melt thereby directly causing sea levels to rise.
Accelerating SLR can have various consequences. The
inundation time of intertidal flats may increase or flats used
as feeding grounds may become completely inaccessible if
sedimentation does not keep up (Flemming and Bartholomä
1997). Accelerated SLR in combination with changing wind
patterns (there is currently no deﬁnitive evidence in this
region for the latter due to the challenge of down-scaling
future wind states from coarse resolution climate models)
(Van Oldenborgh et al. 2013) can also affect breeding
populations on land, as many bird species nest on low salt
marshes and beaches that are susceptible to tidal (storm)
flooding during the breeding season (Fig. 9.25; Hötker and
Segebade 2000; Van de Pol et al. 2010a). Over the
long-term, SLR may result in loss of breeding habitat if
boundaries such as dunes or seawalls mean that salt marshes
cannot move landwards (‘coastal squeeze’; Sect. 9.2.3).
Extreme events may also change in frequency and/or
magnitude (Jentsch et al. 2007). In the Netherlands, pre-
cipitation and temperature extremes are expected to increase,
with more heat waves in summer and higher temperature
minima in winter and higher temperature maxima in sum-
mer, respectively (KNMI 2014). For example, global
warming is expected to decrease the frequency of extremely
cold winters in which ice sheets form on intertidal flats. Ice
sheets make feeding areas inaccessible and if conditions
prevail for long periods, they are known to result in
large-scale frost migration and mass mortality of coastal
birds (e.g. Camphuysen et al. 1996).
9.7.2 Responses to Climate Change
Individual birds may respond in various ways to a changing
environment. Changes in the timing of reproduction (Crick
Fig. 9.25 Period during which
birds have nests that are sensitive
to flooding (eggs or young chicks
in the nest) and the mean nest
elevation (compared to Mean
High Tide) of six salt-marsh
breeding species (upper). Increase
in daily flooding risk of the lower
parts of the salt marsh from 1971–
1989 (black circles) to 1990–
2008 (grey circles) (lower) (Van
de Pol et al. 2012)
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and Sparks 1999) and migration (Cotton 2003) have been
most widely reported, since adjusting timing is a flexible
way to alter the climatic conditions experienced. If birds
cannot alter their timing sufﬁciently or climate change makes
historically adaptive cues maladaptive, then populations may
suffer (Visser 2008). Focusing on coastal birds, there appears
to be no general pattern in how timing of egg laying has
responded, with for example northern lapwings Vanellus
vanellus showing no response over the past decades, while
egg laying in Eurasian oystercatchers Haematopus ostrale-
gus advanced in response to increased rainfall, and in ringed
plovers Charadrius hiaticula advanced in response to rising
temperatures (Crick and Sparks 1999).
Studies have also identiﬁed various cases where interan-
nual variability in demographic rates was associated with
climatic variability. The most common pattern is that annual
juvenile and/or adult survival is strongly positively related to
winter temperatures in many coastal birds (e.g. Peach et al.
1994; Yalden and Pearce-Higgins 1997; Atkinson et al.
2000). By contrast, a review has suggested that populations
of nidifugous species (i.e. most waders) might be more
strongly influenced by climatic conditions during the
breeding season via effects of summer climate on repro-
duction (Sæther et al. 2004). A speciﬁc example of strong
effects of summer climate on the reproduction of a com-
munity of coastal birds occurs when salt marshes become
flooded during periods of strong wind, which can lead to
catastrophic failure of a given breeding season. However, the
degree to which species are affected by such events depends
strongly on their existing nesting preference and elevation
(Fig. 9.26), as well as on their potential to respond to
increased frequency of summer flooding events (about
which virtually nothing is known).
9.7.3 Changes in Bird Numbers
and Distribution
Although there is some evidence that key life-history traits
and demographic rates are changing potentially as a direct
Fig. 9.26 Mean probability that a nest will flood at least once in a
given breeding season, calculated for recent years (1990–2008), and
projections for earlier (1971–1989) and future periods (2009–2028)
based on model projections for sea-level rise and flooding risk that
assume birds do not adjust their nest site selection adaptively (Van de
Pol et al. 2010a). Please note that the range of the y-axis varies between
panels
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result of changes in climate variables, it remains very difﬁ-
cult to predict from these patterns what the population
consequences of a changing climate might be. The reason for
this is two-fold. First, many aspects of the weather (tem-
perature, rainfall) are changing and not necessarily at the
same rate throughout the year and in the same area. To
assess the impact of climate change as a whole it is necessary
to have good knowledge of all major climate drivers
affecting bird populations. Second, different parts of the
life-cycle may be affected by climate change, and not nec-
essarily in the same direction. This implies that to predict
how climate change will affect the population size of a
species, requires a thorough understanding of which demo-
graphic rates are affected and how this in turn will affect
population dynamics. In some cases, even strong climate
dependency of demographic rates may not necessarily
translate into changes in population size, for example in
species with strong density-regulation (Reed et al. 2013).
An example of how complex the situation might be is
shown in Fig. 9.27 for Eurasian oystercatchers breeding on a
salt marsh on the Wadden Sea island of Schiermonnikoog
(Van de Pol et al. 2010a, b, 2011). The frequency of
exceptionally cold winters is predicted to decrease in this
area, which is expected to result in an increase in both
juvenile and adult survival. However, these warmer winters
are also expected to reduce the benthic food stocks on which
oystercatchers rely for their reproduction. Reproduction is
expected to be further negatively affected by the flooding
events that have become more frequent and higher in recent
decades, especially during the breeding season (Figs. 9.25
and 9.26). Taking all these relationships together it is a priori
unclear whether the local population will beneﬁt or suffer,
and a population model needs to be built that includes effects
on demographic rates across the entire life-cycle in order to
establish whether oystercatcher numbers are likely to beneﬁt
from climate change (Van de Pol et al. 2010b). This example
also illustrates that even though reproduction is likely to be
negatively affected by climate change, this does not mean
that population numbers will also be reduced. Since repro-
duction and survival might be affected in opposite directions
by different aspects of climate change predicting how pop-
ulation numbers will respond is not straightforward. Trans-
lating local population dynamics to meta-population
dynamics is even more difﬁcult, as climate does not affect all
populations equally (e.g. some salt marshes are more sus-
ceptible to flooding than others due to geographic variation
in elevation and compensatory sedimentation rates; see
Sect. 9.6.2).
Finally, most coastal birds are already affected by many
other (anthropogenic) threats, such as changes in land use
(see, for example, effects of livestock grazing or abandoning
on the vegetation of salt marshes in Sect. 9.6), predation,
eutrophication, ﬁsheries and disturbance (Kofﬁjberg et al.
2009), and these other threats may interact with or add to the
effects of climate change and thus make it difﬁcult to isolate
the contribution of climate change to changes in bird num-
bers (especially if multiple factors change synchronously
over time). For example, as illustrated in Fig. 9.28, when
looking at the effects of accelerated SLR on the flooding risk
and nesting success of birds, the effects of local soil subsi-
dence due to natural gas extraction may act in a similar
cumulative way. Alternatively, the effect of changes in land
use may interact indirectly with climate-related SLR via an
indirect pathway and feedback loop. Speciﬁcally, salt mar-
shes grow vertically in response to more frequent flooding
due to sedimentation, but the rate of sedimentation increases
with vegetation height, which in turn is affected by the land
use in terms of mowing or grazing regimes (see Sect. 9.6).
Direct observations of changes in population numbers are
another source of information on how coastal bird populations
respond to climate change, although due to the lack of
knowledge about the underlying demographic mechanisms, it
Fig. 9.27 Schematic illustration
of how different aspects of a
changing climate affect different
demographic rates in Eurasian
oystercatchers (Van de Pol et al.
2010a)
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may be difﬁcult to make reliable predictions for the future.
Notwithstanding there is now a strong indication that climate
fluctuations are a key driver of population dynamics for coastal
birds in Europe’s largest estuary, the Wadden Sea. For a
striking 30 out of 34 migratory species, changes in
meta-population numbers were associated with changes in
spring temperatures and/or the NAO index (Laursen et al.
2010). However, the direction of the relationship varied widely
among species, and it remains unclear why this is the case.
On a larger scale there have been some clear patterns in
observed changes in the distribution of coastal birds, which
have been largely attributed to global warming (Ens et al.
2009). It was shown for waders wintering in the United
Kingdom that warmer winters led to a shift from wintering
on the Atlantic coast (where winters are mild, but food is
poor), to wintering on the North Sea coast (where winters are
generally more severe, but food supplies are higher) (Austin
and Rehﬁsch 2005). The range shift was especially clear in
the smaller species that are affected most from energy stress
when temperatures are low (Kersten and Piersma 1987). It
has also been suggested that milder winters allow coastal
bird species with a greater range of characteristics to over-
winter in British estuaries, such that changes in abundance
and functional diversity of the community of shorebirds may
both change, but in different ways. Another more recent
analysis of waders wintering in Europe conﬁrmed a shift in
the centre of the distribution to the northeast during the past
30 years, in line with milder temperatures in these areas
(Maclean et al. 2008). And also in the Wadden Sea estuary
more birds remain to overwinter in the eastern part during
mild winters and may also depart at an earlier date to their
northern breeding grounds when springs are warm (Bairlein
and Exo 2007).
Predictions have also been made for coastal breeding
populations on a European-scale based on climate envelope
models with mostly northward shifts in the distribution of
coastal birds (Huntley et al. 2008). Although these models
form a useful starting point, they do not consider the adaptive
potential of species. In fact, some coastal species such as
common redshanks Tringa totanus, black-tailed godwits
Limosa limosa, northern lapwings and Eurasian oystercatch-
ers have previously shown that they can be very successful in
adapting to new environmental conditions, as evidenced by
their extremely successful colonisation of non-coastal agri-
cultural areas over the 21st century (Van de Kam et al. 2004).
9.8 Conclusions
9.8.1 Abiotic Conditions
Accelerated SLR, and changes in the wave climate, storms,
and local sediment availability all affect the abiotic conditions
of coastal systems. The relative importance of these climate
change effects and how they interact is poorly understood. It
is even more difﬁcult to separate effects of climate change
from natural dynamics and the human impacts such as
dredging. Human impacts on the geomorphology and
Fig. 9.28 Schematic overview
of how speciﬁc aspects of climate
change and other anthropogenic
threats may have cumulative or
interactive effects on coastal birds
(after Van de Pol et al. 2012)
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sediment transport in estuaries are very likely to continue in
the coming decades, and may supersede, exacerbate or
compensate for the potential impacts of climate change.
Heavy storms may result in coastal squeeze. This is particu-
larly the case for dunes and salt marshes with a short fore-
shore, that is, a relatively narrow and steep foreshore.
9.8.1.1 Sandy Shores and Dunes
• The general response of sandy shores to climate change
in the coming decades will be difﬁcult (if not impossible)
to detect and quantitatively predict as it is most likely to
be superseded by local natural and/or human-impacted
dynamics. Increased wave heights, storm surges and
SLR, coupled with observed steepening of beach proﬁles
and a historical decline in sediment availability due to
coastal protection mean less sediment is available to
replenish erosion of beach sand.
• Future changes in abiotic conditions of coastal dune
systems are more likely to be driven by local anthro-
pogenic impacts and natural variability than attributable
directly to climate change. Rate of coastal change is
strongly affected by local conditions, such as the effect of
offshore bathymetry on inshore wave climate, local sand
availability, rather than by regional variability and
changes in the wave and wind climate.
9.8.1.2 Salt Marshes
• The SSC of ﬁne-grained material is important for salt
marshes to cope with sea-level rise. Salt marshes with a
low tidal range and low SSC (<20 mg l−1) are at risk of
submergence by average SLR projections. The large tidal
ranges (2–6 m) and generally large SSCs (mostly > 20
mg l−1 and up to several hundreds of mg l−1) in estuaries
make the risk low for marsh submergence by SLR. This
also holds for most mainland marshes with or without
sedimentation ﬁelds. The risk for marsh subsidence by
SLR may be higher for back-barrier salt marshes with
lower SSC values and tidal ranges.
• There is no single ﬁgure for surface elevation change for
entire marshes. The position on the marsh is important:
distance to source of suspended sediment, namely, edge
of salt marsh or creek. Depressions away from the
salt-marsh edge and creeks on back-barrier marshes are
vulnerable. Surface elevation change is reduced in older
marshes as a result of autocompaction, and in grazed
marshes as a result of increased bulk density.
• Knowledge of vertical accretion rates at the scale of
catchment areas on salt marshes (creeks with their drai-
nage area) in salt marshes is poorly developed. Minor
storm floods contribute strongly to accretion of sediment,
but a heavy storm flood storm does not always result in
extra accretion, and may even result in less surface ele-
vation change at the low marsh and pioneer zone.
• More intensive process studies are needed to elucidate
the linkages between tidal marshes and adjacent estuarine
and coastal systems.
• De-embankment of summer polders can help to enlarge
the area of salt marshes.
9.8.2 Plant and Animal Communities
Plant and animal communities can suffer from habitat loss by
coastal squeeze in dunes and salt marshes as a result of high
wave energy. This is particularly the case for dunes and salt
marshes with a short foreshore. Apart from erosion by storm
surges in winter, floodings occurred in summer over past
decades with subsequent loss of offspring of breeding birds.
Plants and animals are also affected by other aspects of
climate change, such as changes in temperature and pre-
cipitation and atmospheric deposition of nitrogen. Local
populations must deal with invasive species that change
competitive interactions. Moreover, natural dynamics such
as succession, and management practices such as grazing
and mowing have a strong impact on plant and animal
communities. The key challenge is not only to identify the
exact role of climate change, but also to determine the rel-
ative importance of climate change compared to other
impacts, and how they might interact.
9.8.2.1 Sandy Shores and Dunes
• On the drier southern North Sea coasts, vegetation of dry
dunes will increase in xerophytes and bare sand due to
moisture limitation of vascular plants.
• Water levels of dune wetlands are highly sensitive to
changes in evapotranspiration and therefore recharge.
There is currently little consensus on the effects of cli-
mate change but implications for dune slack vegetation
could be severe. This is a major knowledge gap.
• Dune groundwater chemistry may become more con-
centrated with solutes due to lower recharge, or altered
chemistry of input waters.
• There are relatively few species-speciﬁc climate studies,
but most suggest a northward shift in species ranges. At a
European-scale this may have few consequences, but dis-
tributions within individual countries may change mark-
edly. Changes in climate may favour invasive shrub
species such as bird cherry Prunus serotina or Japanese
roseRosa rugosawith subsequent changes in the foodweb.
• Atmospheric nitrogen deposition is above the critical
level for dry and wet dune systems. Nitrogen is available
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in excess and causes increased plant production with
subsequent loss of slow-growing plant species. There
may be interactions between climate change and the
effects of nitrogen deposition, linked to faster growth of
competitive species in both situations, and enhanced
mineralisation of soil organic matter promoting nutrient
availability and leaching of nutrients to groundwater.
9.8.2.2 Salt Marshes
• Minor storm floodings in spring negatively affect
breeding birds.
• Plant production is signiﬁcantly positively related to
increased precipitation on salt marshes above MHT.
Increased plant production could result in outcompeting
low-statured species, and hence a decrease in species
richness on marshes with subsequent changes in the food
web.
• Some southern species will extend northward as a result
of higher temperatures. The number of species extinct or
emigrating north is smaller than the number of immi-
grating from the south. The real change in distribution
patterns will differ for different species, for example due
to migration rates.
• Atmospheric nitrogen deposition is just below the critical
level for salt-marsh communities. When the limiting
resource nitrogen is available in excess, plant production
can easily increase with higher precipitation and
temperature.
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